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ABSTRACT
Species in the genus Populus (poplars) have shown the potential to be utilized as short
rotation woody crops for bioenergy production in the Southeast. A lack of knowledge on
which poplar taxa perform best on marginal sites throughout the Southeast exists. Through
measurement of relationships between growth metrics, water usage and physiological parameters
of 2400 poplar trees, I was able to assess: 1) early rotation suitability of numerous poplar
varietals to be grown as bioenergy feedstocks in northeast Mississippi, and 2) the effectiveness
of early rotation physiological parameters in predicting future productivity and water usage.
Overall findings from this study suggest that trees with D x M parentage may be best fit for
large-scale plantation growth in the Southeast. They demonstrated low mortality and collectively
grew the tallest of all taxa. Early-rotation physiology demonstrated mixed results in predicting
future growth and water usage. Findings from this study will be used in future bioenergy
feedstock selection.
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CHAPTER I
BACKGROUND INFORMATION ON BIOFUELS, FEEDSTOCKS AND PHYSIOLOGICAL
PARAMETERS
Background
Since 2001, cumulative renewable energy consumption has increased steadily due to
growth in biomass, biofuel, wind and solar energy production (Langholtz et al., 2016). Between
1985 and 2001, increases in renewable energy production closely mirrored trends of the largest
contributing sources: hydroelectric and biomass production (EIA 2015). In 2001, this trend
shifted due to the expansion of biofuel production. Though cumulative renewable energy
consumption was still increasing in 2001, for the first time in years, this trend no longer closely
mirrored major contributors such as hydroelectric energy production, but instead mimicked
trends of biomass energy consumption, specifically the expansion of biofuel production which
continued until 2014 (EIA 2015). Of this trend of increasing biofuel production, the largest
contributions come from corn-grain-based ethanol which is followed by electric and industrial
power produced via burning wood and wood wastes (Langholtz et al., 2016). Biomass energy
consumption in 2014 accounted for 50% of all renewable energy consumption (Langholtz et al.,
2016). When examined in more detail, this 50% was comprised primarily of energy created via
wood (combustion of woody biomass; 23%), biofuel production (biodiesel and fuel ethanol;
21%) and waste (crop and oil residues; 5%). Further analysis of this energy usage shows that
consumption levels of wood and waste have stagnated and/or decreased since 1985, while
1

biofuel production and consumption have steadily trended upwards from little consumption prior
to 2001 to utilization of over 2000 trillion Btu in 2014 (Langholtz et al., 2016). Biofuel
consumption can be further broken down into two major categories based off of specific usage.
These categories include utilization for biofuels, which typically take the form of liquid fuels
converted from various feedstocks and are often used for transportation, and bioenergy, which
typically takes the form of a solid fuel source used for heating or power production.
Biofuels
Ethanol
The most popular use of biofuel crops for transportation fuels predominantly occurs
through the conversion of feedstocks into usable ethanol. In 2014 alone, the production of
ethanol was recorded at well over 14 billion gallons (Langholtz 2016). For ethanol production,
sugars or lignocelluloses in harvested crops are made accessible through fermentation and
converted into fuel for use in internal combustion motors, as a neat fuel in blends, for electric
power generation or in fuel cells (thermo-chemical action) (Petrou and Pappis 2008). Ethanol is
most commonly consumed as fuel in the form of E10, which is a blended form containing 10%
denatured ethanol and 90% petroleum by volume. Though vehicles capable of running on higher
concentrations of ethanol have been created, E10 is most commonly utilized in the market today
accounting for more than 99% of all ethanol sales as of 2016 (Langholtz et al., 2016).

Historically, the main source of ethanol is born from corn grain, though alternatives
utilizing lignocelluloses are being studied. Recent advances in the field of biofuels have allowed
for the creation of integrated biorefineries capable of processing a wide range of biomass
feedstocks outside of corn. These include woody materials such as poplar wood, which is often
2

high in cellulose as well as waste from residential yards and agricultural harvests, proving that
the conversion of feedstocks outside of corn into ethanol is possible (Langholtz et al., 2016).

Inherently, ethanol has higher octane levels than those of petroleum. This means when
ethanol is blended with petroleum, octane levels of the fuel mixture increase reducing the need
for toxic additives (Galbe and Zacchi 2002). In combination with increased octane levels,
ethanol also provides oxygen to a fuel, which can in turn reduce CO2 emissions as well as noncombusted hydrocarbons (de Oliveira et al., 2005). However, by volume, ethanol only possesses
approximately two-thirds of the volumetric energy content that gasoline does (Wymann 1996),
meaning a greater volume of ethanol would be required to travel the same distance as a lesser
volume of gasoline. Research conducted by Bailey (1996), which compared the advantages and
disadvantages of both gasoline spark-ignition engines and engines optimized for ethanol use,
provides more optimistic estimates. The conclusions of this study found that when compared to
gasoline optimized spark-ignition engines, ethanol-optimized engines used fuel approximately
15% more efficiently. Even though ethanol only possesses two-thirds of gasoline’s volumetric
energy, it is possible to travel roughly 80% of the distance one could on the same volume of
gasoline.

3

Biodiesel
With over 1.9 billion gallons produced in 2014, biodiesel is second only to ethanol in the
production of liquid transportation fuels. Akin to ethanol, the production of biodiesel makes
sugars available for combustion engine use through a process called transesterification (Otera
1993). This process allows the separation of methyl esters (unrefined biodiesel) from glycerin in
fats or vegetable oils (Demirbas 2008). Of these vegetable oils, most commonly used is soybean
oil making up a little more than 50% of all biodiesel feedstocks as of 2014 (Langholtz et al.,
2016). Other usable feedstocks for biodiesel conversion include canola oil, corn oil and other
vegetable oils. Alternative approaches to transesterification for the creation of usable diesel fuel
utilize thermochemical or biochemical means such as hydrotreating, gasification or pyrolysis,
(Aatola et al., 2008; Karatzos et al., 2014; Zhao et al., 2017). These processes create fuel known
as “green” or “renewable” diesel using similar feedstocks as biodiesel production while creating
a cleaner burning final product (Douvartzides et al., 2019). Unlike biodiesel, greendiesel can be
also be derived from non-lipid-based feedstocks including cellulose biomass such as crop
residues or woody material which are more readily available than those needed for greendiesel
(Jones et al., 2013, Tan et al., 2015).

Bioenergy
Large quantities of woody biomass and wood waste products are consumed annually for
heating and power in industrial, commercial and residential settings. These products include
wood solids such as utility poles, wood chips and paper pellets as well as wood waste liquids
such as sludge wood, black, red and spent sulfate liquor (Langholtz et al., 2016). In the industrial
sector, woody biomass and waste are primarily utilized as thermal energy inputs with
4

consumption levels in 2013 being estimated at nearly 85.3 million dry tons, producing 15.4
billion kWh of electricity (Conti et al., 2015). Second in recorded usage as of 2013 was the
residential sector which consumed 44.81 million dry tons followed by the commercial sector
which consumed 0.11 million dry tons of woody biomass and waste (Conti et al., 2015). Since
2007, a rapidly expanding section of the commercial bioenergy sector is the pellet market
(Langholtz et al., 2016). Prior to 2011, the northern United States supplied a majority of timber
used for pellet production, but since then, market domination has shifted predominantly to
southern timber (Forisk Consulting 2015). In 2014, the United States produced an estimated 4.5
million dry short tons of wood pellets for export, over 99% of which came from southern ports
(Langholtz et al., 2016). Nearly all of these pellet exports (99.8% as of the first half of 2015;
United States Census Bureau, 2015) were sent to markets throughout the UK and Europe.

Future Needs
With increasing consumption of biofuels being evident from as early as 2001, it is crucial
to produce enough biofuel to not only meet current demands, but also keep up with energy needs
of future generations. Global population is forecasted to increase to over 9.77 billion by 2050
(United Nations 2017). This growth will undoubtably be accompanied by increased demands for
sources of fuel to support developing infrastructure and increased energy consumption.

Growing population numbers are also predicted to be accompanied by substantial
environmental impacts borne from the combustion of traditional, petroleum-based fuel sources.
Thus, the adoption and implementation of renewable biofuels could have considerable impacts
on future climate change through the reduction of greenhouse gas emissions. Due to predicted
5

increases in population numbers, amplified interest in the improvement of biofuels for
transportation has been prominent in recent years. Specifically, the automotive and airline
industries have interests in the reduction of CO2 emissions in hopes of diminishing
environmental impacts associated with increased fuel utilization connected to growing
population numbers (Gegg et al., 2014).

Because of these projected increases in need and demand, securing reliable forms of
energy including locally sourced biofuels are paramount. Isolating a dependable source of
renewable energy, such as biofuels or bioenergy, has the potential to support future demands
placed upon the energy sector while simultaneously diversifying the United States’ energy
portfolio and reducing dependency on foreign fuel sources. As well as reducing environmental
impacts, the attainment of a reliable source of local energy through the implementation of biofuel
feedstocks would also create a thriving bioeconomy centered around the growth, procurement,
transport and processing of feedstocks into usable forms of biofuel and biofuel biproducts.

Review of Relevant Literature
Poplar
The genus Populus includes 29-32 species of deciduous flowering plants found
throughout the Northern Hemisphere and are known colloquially as poplars, cottonwoods, or
aspens (Little 1972; Peterson and Peterson 1992; Eckenwalder 1996; Dickmann and Kuzovkina
2008). Most species in this genus are fast-growing and are capable of successful production in
short to medium rotations ranging from 1-8 years depending on management goals (Verani et al.,
2008). Historically, these crops have been grown on plantations for pulpwood to manufacture
6

paper or sold as low-cost hardwood timber used for pallets or plywood (Dickmann and Stewart
1983; Ridge et al., 1986; Peterson and Peterson 1992; Spinelli and Hartsough 2006; Stanton et
al., 2002). Characteristic of these species is an ability to establish and grow on well-drained,
alluvial soils (Ridge et al., 1986; Spinelli and Hartsough 2006). Poplar also possesses the ability
to hybridize between species in the same genus, meaning the creation of horticultural hybrids is
possible (FAO 1958; Knox et al., 1972). Of these hybridized poplars, many are capable of
adventitious rooting via hardwood cuttings (Stanton et al., 2002). This allows for reliable and
inexpensive stand establishment when compared to feedstock species that do not possess this
ability. Due to low costs of establishment and economic importance, extensive work has already
been conducted on this genus (Cooper 1976; Cooper 1980; Land et al., 2001; Tuskin et al., 2006;
Rousseau et al., 2008; Stanton et al., 2010; Rousseau 2011). This research has provided greater
insight into both the molecular background (via complete genome sequencing; Tuskin et al,
2006; Stanton et al., 2010) and production potential of various Populus species and hybrids
(Cooper 1976; Cooper 1980; Land et al., 2001; Rousseau et al., 2008; Rousseau 2011).

Poplar as a Biofuel
In recent years, significant advances have been made in the breeding and hybridization of
poplar species for pulpwood stocks but also outside of this application for conversion to and use
as biofuels. It has been well-documented that poplar wood contains high levels of cellulose and
low levels of lignin (Townsend et al., 2019). High cellulose content increases liquid fuel yields
while low lignin content makes the extraction of these fuels easier and cheaper (Townsend et al.,
2019). Poplar has been shown to be a prime candidate for biofuel conversion as stands are easily
established through cuttings, necessitate little site maintenance in the form of weed control after
7

establishment and are capable of rapid growth over short rotations (Stanton et al., 2002;
Rousseau unpublished observations). When grown in a six-year rotation, selected varietals of
poplar have demonstrated yields up to 55 dry tons per acre (Stanton et al., 2002).

In combination with limited management needs, short rotations and high yields, the
growth and conversion of poplar into biofuels is environmentally favorable when compared to
other fuel crops or gasoline production. Poplar has been shown to provide positive ecosystem
services through the formation of root networks, which aid in the prevention of erosion as well as
sequester carbon within the soil (Gordon 2001; Zalesny et al., 2016). When debarked, it is
common for poplar to have low ash content and recalcitrance (resistance to enzymatic
deconstruction), both of which are desired characteristics in the conversion of feedstocks into
biofuels as they help reduce emissions borne from their combustion (Sannigrahi et al., 2010). In
general, the ash content of hybrid poplar is substantially (often 2-4 times) lower than that of
other biofuel feedstocks including, willow and switchgrass (Sannigrahi et al., 2010). Poplar
wood also generally possesses much lower sulfur content than wheatstraw or switchgrass, further
conforming to strict environmental limitations for sulfur content in transportation fuels set forth
by the EPA (Sannigrahi et al., 2010). Overall, it has been shown that production of ethanol from
poplar can have a global warming potential 92% lower than that of gasoline (Himmel et al.,
2007; Budsberg et al., 2015; Vassilev et al., 2017).

As well as these environmentally favorable characteristics, poplar has high scalability as
it is easily established and fast growing and is already part of a well-established industry (paper
and veneer) with existing infrastructure making the extraction and transportation of poplar into
8

biofuel and subsequent distribution of that biofuel accomplishable in the future (Spinelli and
Hartsough 2006; Saxena et al., 2009). Because poplars are long-lived, perennial trees, they can
be harvested year-round. Therefore, if harvest activities are planned accordingly, landowners can
have access to multi-annual cash influxes throughout the year (Spinelli et al., 2009).

Though a promising biofuel crop, there are some potential downsides to utilizing poplar
as such. One disadvantage is rotation lengths. When compared to other potential biofuel crops,
such as perennial grasses, poplar does not grow to full, harvestable maturity in the span of a
single year, but instead have typical rotation lengths ranging from 2-8 years (Verani et al., 2008).
It is also worth noting that a variety of hybrid poplar species have been shown to be susceptible
to Septoria musiva leaf spot and stem canker (Rousseau 2011) resulting in significant mortality.
However, improved breeding efforts aim to mitigate the severity of this disease.

Comparison to Other Biofuel Crops
Poplar is not the only short rotation crop that has the potential to be utilized as a biofuel.
As mentioned in section 1.5.2, willow, wheatsraw and switchgrass also possess the potential to
be utilized as biofuel feedstocks, but do possess negative characteristics when their fuel is
burned, specifically high ash and/or sulfur content. Outside of these feedstocks, promising
perennial grasses for biofuel conversion include species of Miscanthus. Akin to poplar,
Miscanthus has the potential for high yields, having reported yields of over 24 dry tons per acre
per year (Heaton et al., 2010). Miscanthus also exhibits high nutrient uptake and efficiency
meaning minimal fertilization is required which, in turn, could reduce environmental impacts of
potential fertilizer runoff (Spinelli and Hartsough 2006). Akin to poplar, the formation of
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vegetative networks capable of protecting underlying soils from erosion, reducing both runoff
and nutrient loss and sequestering carbon within the soil is common in perennial grasses like
Miscanthus (Blanco-Canqui 2010).

Though perennial grasses such as Miscanthus have clear benefits, these are often
outweighed by their limitations and impacts both environmentally and financially. A downside to
the growth of perennial grass crops is their requirement for large amounts of water to produce
high yields, generally having higher water requirements than poplar (Hamilton et al., 2015). This
requirement limits areas where successful growth can occur without incurring extensive costs
from irrigation or considerable impact on local hydrology (Heaton et al., 2010). Past studies have
supported these observations, finding that the growth of perennial grass crops is often not viable
in drier climates (Clifton-Brown et al., 2001; Danalatos et al., 2007). Further limiting their
plantable range, Miscanthus crops also run the risk of cold-induced death in northern climates
during their first year of establishment (Kuppinger 2000; Lewandowski et al., 2000; CliftonBrown et al., 2007; Heaton et al., 2008). Finally, it has been shown that many potential perennial
grass feedstocks, such as Miscanthus sinensis, possess invasive potential in numerous states
throughout the United States (Haragan et al., 1996; Czarapata 2005; The University of Georgia
Center for Invasive Species and Ecosystem Health, 2012), meaning their growth may be
outlawed in certain regions.

When examining the economics of Miscanthus, harvest can only occur annually, during a
single season, meaning the possibility of multi-annual cash influxes to supplement landowners is
nonexistent (Spinelli and Hartsough 2006). Profitability of growing Miscanthus shrinks even
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further when state-wide invasion concerns are considered (for example, many northern states list
Miscanthus sinensis as an invasive species; The University of Georgia Center for Invasive
Species and Ecosystem Health 2012). This leads to greatly reduced market range where the
growth of Miscanthus would be profitable

Commercially Important Poplar Taxa
As previously mentioned, species in the Populus genus have been extensively hybridized
and possess a well-documented genetic background. Research detailing growth metrics, resource
usage and site interactions within poplar clones (Rousseau et al., 2008; Guo and Zhang 2010;
Nielsen et al., 2014) has allowed the selection and further testing of a wide range of poplar
crosses according to local climatic conditions and management goals. Clones of particular
interest for biofuel growth in the Southeast include P. deltoides, P. maximowiczii, P. nigra, P.
trichocarpa and their resultant mating to produce genetically distinct individuals, commonly
known as F1 hybrids (Dickmann et al., 2001; Runge and Patterson 2006)

Eastern Cottonwood
Eastern cottonwood (Populus deltoides) has a native distribution from southern Canada
to northeastern Mexico with introduced populations found globally (Rousseau et al., 2008;
USDA, Agricultural Research Service National Plant Germplasm System 2019). Eastern
cottonwood is one of the fastest growing poplar species with mature trees capable of reaching
heights of over 50 m tall and 1.5 m in diameter within a relatively short period of time (i.e. 50
years; Isebrands et al., 2014). This species thrives on deep, moist, fertile, well-drained, fine
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sandy or silty alluvial loams with pH ranging between 4.5-8.0 and is capable of withstanding a
wide range of temperatures between -45-46°C (Garnett et al., 2008; Rousseau et al., 2008;
Isebrands et al., 2014). Unlike many hybrid poplars, disease resistance has been successfully
selected for in eastern cottonwood, reducing the likelihood of Septoria-mediated mortality
(Rousseau 2011). Though some susceptibility to Septoria leaf spot is present in resistant clones,
it does not manifest itself into stem canker, which can be deleterious to wood quality, giving it
promising potential as a biofuel feedstock (Garnett et al., 2008; Rousseau et al., 2008).

Japanese Poplar
Japanese poplar (Populus maximowiczii) has a natural range from north-central China
through Mongolia, east Siberia and northern Japan. Japanese poplar is a rapid growing, longlived species which is capable of reaching heights of 30 m and diameters of 2 m while living as
long as 400 years (Isebrands et al., 2014). Naturally, Japanese poplar grows across a large range
of site conditions but is generally found in temperate climates with cold, dry winters and warm,
moist summers ranging from 18-25°C (Isebrands et al., 2014). Japanese poplar tolerates a wide
variety of soil conditions, though best growth typically occurs in well-drained, loamy soils
containing alluvial deposits with pH range of 5.0-6.0 (Isebrands et al., 2014).

European Black Poplar
The native range of European black poplar (Populus nigra) covers most of Europe, parts
of northern Africa and western Asia. There are also naturalized populations existing in North
America (Cagelli and Lefèvre 1995; Imbert and Lefèvre 2003; Praciak et al., 2013; de Rigo et
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al., 2016). These trees grow well in temperate climates receiving rain in the spring and fall with
relatively dry summers (Isebrands et al., 2014). Mature trees can reach up to 40 m tall and 2 m in
diameter and often reach for 200-300 years of age (Allegri 1971), thriving in both riparian and
well-drained sites with medium to coarse textured soils possessing pH between 5.0-8.5 (Praciak
et al., 2013; Isebrands et al., 2014). European black poplar can also tolerate high temperatures up
to 38°C (Chamaillard 2011) and high water levels making it capable of growing in floodplains
and alluvial sites (Isebrands et al., 2014; Šiler et al., 2014).

Black Cottonwood
Black cottonwood (Populus trichocarpa) is the largest poplar species in North America,
reaching heights of up to 40 m tall and diameters of 1.2 m (Isebrands et al., 2014). Black
cottonwood has a native range from Alaska, southwards throughout western Canada and the
western United States where it is typically found growing on alluvial sites on a variety of soils
ranging from moist silts to rich humus or even clays (USDA plant fact sheet black cottonwood;
Isebrands et al., 2014). This species grows best in humid, coastal sites and has limited drought
tolerance. (Isebrands et al., 2014). Black cottonwood tolerates a wide range of temperatures
between 16-47°C and precipitation ranging between 250-3050 mm/year (Isebrands et al., 2014)..
Black cottonwood has been reported to live upwards of 150 years (DeBell 1990; Farrar 1995)

Hybrid Poplar Performance
The phenomenon of hybrid vigor has been well-documented in woody crops such as
poplar (Rousseau, 2011). Attributes including survivability and productivity have been
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demonstrated to often be higher in hybrid clones than in their parentage (Coyle et al., 2006;
Rousseau et al., 2008). What follows details trends that have been found to be associated with
poplar hybrids, specifically crosses of P. deltoides, P. maximowiczii, P. nigra and P.
trichocarpa.

Clonal Survival
Extensive research has been conducted on the survival of various hybrid poplar species
globally. Rousseau et al. (2008) examined tree-level survivability at age 2 and 9 of 52 poplar
hybrids that included various F1 genotypes of P. trichocarpa, P. deltoides, P. maximowiczii as
well as B1 (backcross) and P. nigra parentage at an upland site in western Kentucky, USA. They
found that at age 2, overall survival among all taxa was recorded at 92.4%, with P. trichocarpa ×
P. deltoides (TD) hybrids having the highest survival at 97.7% and [P. trichocarpa × P.
deltoides] × P. deltoides (TDD) having the lowest at 88.8%. Hybrids of P. trichocarpa×P.
maximowiczii (TM) had similar survival as TD at 95.8% while [P. trichocarpa×P.
maximowiczii] × P. maximowiczii (TMM) and P. trichocarpa × P. nigra (TN) had survival rates
of 90.0% and 91.3% respectively. Year 9 survivability declined for most hybrids and was
recorded at 23.9% overall mainly due to infection from Septoria musivia. Of the remaining
hybrids, TD had the highest survival at 53.9%, followed by TMM, TM, TDD and TN at 21.5,
20.6, 20.6 and 9.0%, respectively. Though survival rates drastically declined between year 2 and
9, two individual TD clones (24 and 25, both crosses of 2499 (T) × 982 (D)) had markedly
higher survivability rates than the remaining clones at 94.0% each with good disease index
ratings, suggesting future research implementing these clones should be undertaken.
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In similar research conducted by Coyle et al. (2006) survivability of hybrid poplar crosses
was examined on an upland and a bottomland site in western South Carolina, USA. Akin to
results from Rousseau et al. (2008), this study found that TD hybrids had the highest
survivability of 31 distinct hybrid or pure species clones on upland sites. This study also found
that overall, across both upland and bottomland sites, clones with DN, DM and P. nigra × P.
maximowiczii (NM) parentage had the three highest rates of survivability (99±0, 96±2 and
96±2% respectively) while P. deltoides × P. deltoides (DD) had the lowest at 7±3%.

Strikingly, in this same study it was discovered that though overall survival rates for DD
across both upland and bottomland sites was poor, two DD clones (Kentucky 8 and S13C20) on
the bottomland site had the higher rates of survival for the taxa (52.0±6 and 34.0±2%
respectively), however both were still markedly lower than rates of survival in hybrid species.
This trend in DD survivability is most likely due to an inability of clones to establish due to poor
rooting characteristics during the first year of growth, resulting in mortality. This suggests that
consideration should be given to the selection of DD clones with high rootabillity for future
hybridization efforts.

Results from Rousseau et al. (2008) and Coyle et al. (2006) are further supported by Guo
and Zhang (2010), who examined the growth of 14 hybrid poplar clones planted in western
Beijing, China. Through their study, they found that both TN and DN hybrids performed poorly,
recording some of the lowest rates of survival while two of the three TD hybrids recorded high
survivability (exact rates of survival not provided in study). However, in this same study, the two
clones with highest survivability as well as the two with the lowest survivability were of DN
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parentage and the clone possessing the third lowest rate of survivability was of TD parentage,
further detailing variability between clones, even within taxa.

These conflicting results suggest that various factors including individual clonal genetic
background and growing environment are at play. This indicates that special consideration
should be given to the genetic background of selected clones (specifically rootabillity,
adaptability to various site conditions and disease resistance) and that, if possible, site specific
growth tests should be performed prior to any large-scale planting to ensure low clonal mortality
rates (Rousseau et al., 2008).

Clonal Productivity
Outside of rates of survival, productivity is the most important metric to measure
suitability of a biofuel feedstock. If a clone has low productivity, it will typically not be able to
allocate enough biomass to become a commercially viable individual for biofuel conversion in a
timely manner. This means that traits describing the optimal clone must be clearly evaluated
prior to selection and utilization as a feedstock for biofuel production.

Multiple studies have been conducted on the productivity and growth of poplar clones, all
with varying parentage, including those detailed above. As well as examining survivability,
Rousseau et al. (2008) examined height and diameter at breast height (DBH) of 52 hybrid poplar
clones grown on an upland site in western Kentucky. At age 2, significant differences in height
were shown among taxa, with recorded mean heights of 2.89, 2.89, 2.71, 2.59 and 2.59 m for
TD, TM, TMM, TDD and TN, respectively. By age 9, the TD taxon exhibited the most
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productivity of all trees, having an average diameter and height of 11.94 cm and 8.50 m. The
remaining taxa performed significantly worse than TD with mean diameters of 9.65 cm (TM),
6.35 cm (TMM), 10.67 cm (TN) and 8.64 cm (TDD) and mean heights of 5.64 m (TM), 4.30 m
(TMM), 5.67 m (TN) and 5.91 m (TDD).

Results of Rousseau et al. (2008) are partially supported by Nielsen et al. (2014), who
examined poplar production, including height and diameter of 36 clones in Denmark over a 13year rotation. After 5 years of growth, mean diameters of TD clones were the highest at 4.9 cm,
followed by TM (4.70 cm), DD (4.20 cm), DM (3.90 cm) and DN (2.91 cm), while mean heights
were 4.67 m (TD), 4.35 m (TM), 4.10 m (DD), 3.60 m (DM) and 3.37 m (DN). Mean diameters
after 15 years were 18.45 cm, 16.10 cm, 13.97 cm, 11.60 cm and 10.51 cm for TM, DM, TD, DD
and DN respectively and mean heights were 15.80 m, 12.60 m, 12.25 m, 11.60 m and 10.20 m
for TM, DM, TD, DD and DN. Results of this study suggest that the selection of the best hybrid
parentage for biofuel conversion is dependent upon rotation length and management goals. For
example, through year 5, TD clones were the highest performing of all clones, however, in year
15 this trend did not continue, with clones of P. maximowiczii parentage outperforming TD
clones. This study provides measures of clonal productivity on various genetic crosses of poplar,
however similar results may not occur under different climatic conditions, including the
subtropical climate of the southeastern United States.

Additional studies have found supporting evidence of high performing clones with P.
maximowiczii parentage while other studies have found contrasting data. Trnka et al. (2008)
examined various hybrid poplars over a short rotation and found both of their top performing
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clones, which were of P. maximowiczii parentage, recorded a mean annual increment of dry
matter of over 15 tons/ha/year. These data however differ with findings from Guo and Zhang
(2010) who found evidence that hybrids with P. nigra parentage performed the best, with the two
top performing clones in their study having P. nigra parentage and attaining dry growth rates
over 24 tons/ha/year, though clones with P. maximowiczii parentage were not studied. Further
contrasting data are seen in Heilman and Stettler (1985), which found that TD hybrids had dry
weight production, averaging over 10 dry tons/ha/year.

These studies indicate that, similar to survivability, clonal growth is independent of taxa.
This denotes that high yields are limited to individual clones. However, this does not discount
the effect that parentage has on productivity, but instead emphasizes the impact that environment
has on productivity. Much like survivability, site-specific growing conditions should be
considered prior to the selection and planting of Populus genotypes for biofuel conversion.

Physiology
Water Usage
Poplar has been shown to possess great variability in water use strategies, ranging from
isohydric to anisohydric. Under both well-watered and drought conditions, isohydric plants
maintain a constant midday leaf water potential. This is achieved through stomatal regulation to
reduce stomatal conductance to limit transpiration and therefore water loss (Sade et al., 2012).
Anisohydric plants, however, have more variable midday leaf water potentials and maintain
opened stomata, even under drought conditions (Sade et al., 2012). This tradeoff allows
anisohydric plants to maintain high photosynthetic rates over longer periods of time, though at
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the risk of drought-induced stress (Tardieu and Simonneau 1998). In individuals exhibiting an
isohydric strategy, water usage is conservative, and productivity is limited under slight drought
stress (Tardieu and Simonneau 1998). In comparison, individuals exhibiting an anisohydric
strategy continue to function and grow under drought stress (Silim et al., 2009; Attia et al.,
2015). Differing water use strategies influence clonal characteristics including total water use,
water use efficiency and response to drought, and in turn, their impacts on an ecosystem (water
uptake, carbon sequestration and nitrogen usage). Poplar possessing more conservative water use
strategies (i.e. isohydric) could potentially exhibit higher rates of carbon sequestration portioned
towards belowground growth than those exhibiting less conservative water usage (Silim et al.,
2009). Adapting this strategy could allow for increased access to water reserves through the
creation of roots in favor of aboveground production (Silim et al., 2009). On the other hand,
poplar with high water usage may be more efficient at removing and retaining excess nitrogen
from soils, as phytoremediation of sites high in nitrogen in poplar has already been demonstrated
(O'Neill and Gordon 1994). Water use efficiency in poplar has been found to vary by clone, with
differences as large as tenfold having been recorded (Attia et al., 2015). It has been shown that
differences in water use efficiency can be hereditary (Dillen et al., 2008).

In combination with potential impacts on soil nitrogen and carbon, the water use
efficiency of individuals grown on the plantation level has the potential to greatly impact
surrounding hydrology including groundwater recharge and streamflow (Petzold et al., 2011).
For example, the large-scale growth of individuals which are efficient with their water usage will
likely place lower demands on local water sources and/or require lesser amounts of irrigation
from outside sources than less efficient individuals (Petzold et al., 2011; Hussain et al, 2019).
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This means these same water use efficient individuals will likely be able to attain similar (if not
higher) amounts of harvestable biomass than less water use efficient individuals when provided
with the same amounts of water (Petzold et al., 2011). Implementation of such individuals, in
turn, could reduce losses in local water budgets and potentially expand the profitable range
where poplar can be grown for biofuel feedstocks into areas where lower annual rainfall levels
are common.

Studies examining the relationship between water use efficiency and yield productivity
have yielded mixed results. Zhang et al. (2004), Monclus et al. (2009) and King et al. (2013)
found that genotypes which were the most water use efficient were also the most productive,
however, other studies found no relationship between productivity and water use efficiency (Rae
et al., 2004; Marron et al., 2005; Monclus et al., 2005; Monclus et al., 2006; Bonhomme et al.,
2008; Monclus et al., 2009; Dillen et al., 2011). These studies suggest that additional factors
outside of genetics may play a role in the expression of an individual’s productivity and water
use efficiency. These factors may include environmental interactions such as site conditions (soil
type and drainage, both of which can affect water availability and therefore preferred water use
strategy) or climatic conditions (rainfall, which directly impacts water available for plant use and
air temperature, which impact rates of stomatal conductance and therefore water loss via
evapotranspiration, both affecting water availability and water use strategy). For these reasons,
local climate conditions, potential environmental interactions and genetic influences should be
considered prior to large scale planting efforts.
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Water Use Efficiency
Water use efficiency (WUE) is defined as the ratio of a plant’s net photosynthesis to its
rate of transpiration (Farquhar et al., 1989a). Assuming similar rooting depth, climatic conditions
and water use strategies, individuals with higher WUE are able to be more productive than those
with lower WUE as they are able to photosynthesize, and therefore, assimilate carbon more
efficiently using the same amount of water. A crop possessing high WUE is desirable for biofuel
production, as it would allow for the deployment of plantations in drier climates, unsuitable for
crops with low WUE. The establishment of crops exhibiting high WUE would also likely reduce
irrigation requirements and, in turn, growing costs.

Intrinsic Water Use Efficiency
Water use efficiency can also be expressed as intrinsic water use efficiency (iWUE) or
the ratio between net photosynthesis and leaf conductance (Wang et al., 2013). Measuring this
metric allows an estimation of how efficiently a leaf is able to supply CO2 (via the rate of
conductance) to photosynthetic machinery in the interior of the leaf and, in turn, assimilate CO2
into usable carbon (Condon et al., 2002). Higher rates of efficiency can be achieved via lower
rates of stomatal conductance (restricting the flow of CO2 into the leaf interior), higher
photosynthetic capacity, or a combination of both (Condon et al., 2002).

Intrinsic water use efficiency can be indirectly estimated via carbon isotope
discrimination (δ13C) as detailed in Farquhar et al. (1989b). The estimation of δ13C will provide
integrated measurements of intrinsic WUE both spatially (across multiple leaves in a ramet of a
clone) and temporally (across spans of multiple days) for all measured clones (Seibt et al., 2008).
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iWUE has been shown to have a linear, negative correlation with WUE in cereals (Farquhar and
Richards 1984; Farquhar et al., 1989b) and trees (Ponton et al., 2002) and can be assessed
indirectly by measuring the δ13C of plant material (Wang et al., 2013). The basis of this method
is based off of a linear relationship between δ13C and the ratio between CO2 concentration inside
and outside of the leaf (Farquhar et al., 1982). The use of δ13C and iWUE provides integrated
and instantaneous estimates of water use efficiency respectively (Seibt et al., 2008). Similar to
WUE, individuals having high iWUE may be better fit for growth in drier climates as water loss
via conductance is lower than those with lower iWUE. For these reasons, the isolation of
clone(s) possessing high WUE, iWUE and productivity would provide a substantial advantage
for growth in locations where water is limited.

Leaf Nitrogen
Leaf nitrogen is a crucial part of a plant’s photosynthetic machinery, specifically in the
protein Rubisco which plays a major role in carbon fixation (Parkhurst 1994). Tight relationships
between leaf nitrogen levels and growth characteristics have been established in poplar (Marron
and Ceulemans 2006; Monclus et al., 2009). Monclus et al. (2009) found a positive relationship
between leaf nitrogen content and aboveground biomass, suggesting that individuals that contain
more nitrogen in their leaves are capable of utilizing that nitrogen towards greater aboveground
growth than those that sequester less. Marron and Ceulemans (2006) found a negative
relationship between leaf thickness and nitrogen content per unit leaf mass. These relationships
have been supported in other species as well. Wright et al. (2004) found similar results across
2,548 species from 219 families of vascular plants located throughout 175 sites globally.
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The photosynthetic nitrogen use efficiency (PNUE) of an individual can be defined as the
amount of carbon assimilated per unit nitrogen in a leaf (Berendse and Aerts 1987).
Understanding this metric is crucial for isolating superior feedstocks for biofuel conversion, as
individuals with high PNUE may have lower fertilization requirements than those with lower
PNUE. In turn, this could decrease growing costs as well as the potential for fertilizer runoff
applied to enhance growth, which have the potential to become detrimental to surrounding
ecosystems.

A link between PNUE and the productivity of an individual has also been demonstrated.
Toillon et al. (2016) found that genotypes of DN hybrids with higher PNUE maintained higher
nitrogen levels per leaf as well as greater biomass than less efficient hybrids. In a scenario where
harvest was to occur in these similarly responding individuals prior to leaf drop, clones with
higher PNUE could, in turn, remove greater amounts of nitrogen from the system through
biomass harvest. This increased removal of nitrogen from the site would, in turn, increase the
need for additional fertilization post-harvest and therefore growing costs and potential for
negative environmental impact via fertilizer runoff. However, leaves with high PNUE could also
possess low leaf nitrogen content while maintaining high levels of photosynthetic rates, meaning
during harvest less nitrogen would be removed from a site planted with individuals which
achieved high PNUE via this strategy. According to Farquhar et al. (2002), drought stress may
also have an effect on leaf nitrogen content. In their study examining stomatal control and leaf
nitrogen concentrations, it was found that trees undergoing drought stress reduced total leaf area
and increased nitrogen per unit leaf area in attempts to minimize water loss and increase leaf-
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level photosynthetic capacity. Due to these potential relationships, it is important to identify
poplar genotypes which are efficient in both nutrient and water usage.

Leaf Mass Per Area
Leaf mass per area (LMA) is also an important metric used to link light capture capability
to both plant growth and carbon allocation (Wright et al., 2004). LMA measures the dry mass
investment of a leaf per area (Wright et al., 2004) and is measured as dry leaf mass per unit leaf
area. It has been shown that a leaf’s photosynthetic capacity linearly correlates with LMA
(Gratani and Varone 2006). This suggests that individuals with high LMA demonstrate higher
photosynthetic capacity, and therefore higher potential for increased carbon allocation, than
those with lower LMA (Wright et al., 2004). A tight linear correlation between LMA and leaf
nitrogen content also has been recorded (Wright et al., 2004), further supporting the relationship
between LMA and a leaf’s light capturing ability.

CO2 Response Curves
The creation of CO2 response curves are used to estimate the relationships between a
leaf’s CO2 assimilation rate and substomatal CO2 concentration allowing one to assess the
stomatal limitations a plant imposes upon CO2 assimilation, and therefore, the process of
photosynthesis (Farquhar 1980; Long, et al., 2003; Manter and Kerrigan 2004). CO2 response
curves also allow one to determine maximum rates of CO2 assimilation under elevated CO2
levels. This provides an estimates of a plant’s photosynthetic capacity through the measure of the
maximum rate of Rubisco saturation (Vcmax) at the leaf level (Farquhar et al., 1980). CO2
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response curves also allow the estimation of the inflection point at which the maximum rate of
Rubisco carboxylase activity occurs and a switch to RuBP occurs (Jmax). These measurements
provide an estimation of a leaf’s maximum rate of CO2 assimilation (Farquhar et al., 1980). In a
scenario where neither light reactions or Rubisco activity are limited, triose phosphate export
from within the chloroplast will eventually slow carbon reactions through the creation of a
negative feedback loop (McClain and Sharkey 2019).

Overall Conclusions
Goals set forth by the United States Department of Energy’s Billion Ton Report project
that the Southeast could be responsible for providing 68% of woody biomass for energy usage by
2040 (Langholtz et al., 2016). Though capability of poplar to be utilized as a biofuel crop has
been demonstrated, it is still not known which poplar species or hybrids perform best on
marginal sites that are typically unusable by other agriculture in the Southeast. In order to
accomplish this goal, it is crucial to perform a clonal screening trial of potentially fast growing
and high yielding poplar species and hybrids on potential growing site in the Southeast. Through
the measurement of productivity, water use efficiency and nitrogen uptake, I will be able to
provide a more in-depth evaluation of various taxa and individuals within taxa to adequately
determine their growth potential on similar upland sites.

In conclusion, the body of work reviewed in this section makes clear that there is a
critical need to provide a more in-depth evaluation of eastern cottonwood and hybrid poplar taxa
established across upland sites in the southeastern United States. Because of projected
increases in future demands for bioenergy, biofuels and various bioproducts, it is crucial to
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elucidate a fast-growing SRWC that is capable of meeting these needs across a wide range of
sites while providing high yields.

Overview and Objectives
Increasing population numbers and anthropogenic impacts on climate change will
intensify the demand for sustainable and renewable bioproducts including biofuels in the near
future. To meet these demands, it is crucial to find a SRWC capable of rapid growth that
possesses the ability to thrive in a versatile range of sites. Species in the Populus taxa fit these
requirements. Poplar has been shown to have growth rates of up to 55 dry tons per acre over a six
year rotation, low ash content and recalcitrance and global warming potentials up to 92% lower
than that of gasoline (Stanton et al., 2002; Himmel et al., 2007; Sannigrahi et al., 2010; Budsberg
et al., 2015; Vassilev et al., 2017). In combination with these characteristics favorable for biofuel
growth, poplar is also widely distributed throughout North America and is part of a wellestablished industry with existing infrastructure for harvest, transport, and sale (Spinelli and
Hartsough 2006; Saxena et al., 2009). Though poplar has been shown to have the capability to be
a promising crop for biofuel production, little is known about which clones perform best on
upland sites in the southeastern United States that are unsuitable for agriculture. In order to
accomplish the goals set forth in the Billion Tons Update for the Southeast’s biofuel production,
it is crucial to determine which eastern cottonwood or hybrid poplar clones are best suited for
growth on marginal agricultural sites in the southeastern United States.

Thus, an objective of this study was to isolate high performing eastern cottonwood and/or
hybrid poplar clone(s) with limited water requirements that can be grown at an upland site in
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northeastern Mississippi. The isolation of physiological parameters that are directly linked with
production will allow for improved feedstock selection in the establishment of future SRWC
plantations. Thus, the secondary objective of this study was to determine relationships between
physiological parameters and growth metrics. This was accomplished through the measurement
of growth metrics and physiological parameters of 99 unique eastern cottonwood and hybrid
poplar clones over two growing seasons in a common garden study in northeastern Mississippi.

Specific Aims
My research will identify poplar clones ideally suited for areas that require minimal
management inputs. Information gained from this research will further knowledge of sitespecific growth requirements and growth potentials of hybrid poplar varietals in the Southeast,
which will improve efforts in productivity modeling across the region. Genotypes characterized
by high productivity, water use efficiency, drought tolerance and nitrogen use efficiency will be
ideal for growth on sites with limited water availability, some of which may be located nearer to
harvest and transportation infrastructure than potential higher quality growth sites. Once superior
poplar clones based on growth and physiological characteristics are identified, those same
genotypes can be implemented in future studies examining growth potential across varying
environmental conditions throughout the Southeast. Isolation of eastern cottonwood and/or
hybrid poplar clones suitable for biofuel conversion would also have the potential to diminish
CO2 release from fossil fuel use and decrease foreign dependence on foreign energy in the
United States. Finally, the implementation of these crops as biofuel feedstocks throughout the
Southeast has the potential to create a flourishing bioeconomy based around their growth,
harvest, transport, and conversion.
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CHAPTER II
COMPARISON OF PHYSIOLOGICAL AND GROWTH PARAMETERS ACROSS 99
UNIQUE POPLAR VARIETALS IN NORTHEASTERN MISSISSIPPI, USA
Introduction
Poplar (Populus spp.) historically have been grown for pulpwood production or sold as
low-cost hardwood timber (Dickmann and Stewart 1983; Ridge et al., 1986; Peterson and
Peterson 1992; Stanton et al., 2002; Spinelli and Hartsough 2006). However, in recent years due
to increased interest in securing an alternative energy source to petroleum-based fuels, poplar has
become a major focus of bioenergy research (Brunner et al., 2009; Roedl 2010). This genus
possesses favorable characteristics for bioenergy production including; short rotation lengths,
limited management requirements, high yields (up to 55 dry tons per acre over a 6-year rotation;
Stanton et al., 2002) all of which make them prime candidates to become a major bioenergy
feedstock in the future.

According to the Department of Energy’s Billion Ton Update (Langholtz et al., 2016) the
southeastern United States is forecasted to provide 68% of woody biomass for energy usage by
2040. In order to accomplish this goal, a solid foundation of bioenergy feedstocks suitable for
growth in the southeastern United States needs to be isolated, poplar being a prime candidate.
Favorable growth and environmental characteristics aside, poplar is already heavily used in an
established industry for the creation of paper and veneer (Berguson et al., 2010; Isebrands and
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Richardson 2014). This means that infrastructure needed for the growth, harvest and eventual
transport of these feedstocks for bioenergy production is already readily available and accessible.
This ease of access to infrastructure and extensive knowledge on the production, culture and
hybridization of poplar is crucial as it will allow for increases in the future scale of poplar-based
bioenergy without the need to establish a new industry from the bottom up.

Leveraging physiological parameters to garner insight into interactions between poplar
feedstocks and the environment has the capability to provide estimates of performance data in a
much shorter time scale than that of traditional measurements of performance such as height and
DBH. Productivity of a feedstock is innately dependent upon physiological capabilities of an
individual as well as interactions with their environment (Dillen et al., 2010). These
physiological capabilities include photosynthetic capacity, water use efficiency and nutrient
usage.

Photosynthetic capacity is a crucial determinant of carbon assimilation in a tree. This
parameter can be accessed via the measurement of Rubisco-limited carboxylation rate (Vcmax)
and electron transport-limited carboxylation rate (Jmax), both of which can be measured via CO2
response curves (Farquhar et al., 1980). Equally important is the water use efficiency of an
individual, or how efficiently an individual assimilates carbon per unit water taken in. Water use
efficiency can be calculated via gas exchange measurements as well as through techniques
leveraging stable isotope concentration in vegetative tissues (Farquhar and Richards 1984).
Nutrient usage also plays a crucial role in the determination of an individual’s productivity.
Nitrogen, specifically, plays a key role in photosynthesis as a major component of chlorophyll,
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and therefore, its availability is often a crucial determinant of productivity (Reekie and AvilaSakar 2005). Leaf nitrogen content can be measured via elemental combustion analysis (MuñozHuerta et al., 2013). This data, in turn, can be used to calculate photosynthetic nitrogen use
efficiency: the photosynthetic assimilation per leaf-level nitrogen concentration.

Assessing physiological performance in relation to productivity of numerous unique
eastern cottonwood and hybrid poplars will improve collective knowledge on the functioning and
culture of these feedstock. This, in turn, will provide landowners with information on yields and
their relationships to physiology. This information is crucial for the selection of bioenergy
feedstocks that are well-suited for growth in their region and, in turn, will bring us one step
closer to reaching forecasted levels of bioenergy production in the Southeast set out by the
Department of Energy.

In this chapter, I explored relationships between productivity and leaf-level physiology of
99 genetically unique eastern cottonwood and hybrid poplar individuals in a large-scale common
garden study. Major objectives of this chapter were to: 1) Identify highly productive poplar and
poplar hybrid clones which may be suitable for future bioenergy production and 2) Determine if
leaf-level physiological measurements can be used to accurately predict future levels of
productivity in poplar and poplar hybrids. Specifically, I predict that individuals high in water
use efficiency will be able to amass more growth than those with low water use efficiency, as
more water use efficient individuals are capable of assimilating greater units carbon per unit
water than less water use efficient individuals. I also predict that leaf-level water use efficiency
will be a better predictor of growth than leaf-level photosynthetic capacity. Individuals with
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inherently high photosynthetic capacity may still be limited by water availability which, in turn,
places limits on productivity, where, in water use efficient individuals, this is less likely to occur
as they are able to assimilate more units carbon per unit water available. Due to the large genetic
variability present in this study (99 genetically unique clones), I suspect that these trends will not
be uniform across all clones or even taxa. The completion of these objectives set forth will not
only further selection efforts of an important bioenergy feedstock, but will also provide insight
into the physiology and productivity of numerous poplar and poplar hybrids, many of which
have not been studied before.

Materials and Methods
Study Site
The study site is an upland region located in Monroe County, MS (33°51'16.89"N
88°17'27.99"W). The climate of this area is humid subtropical, characterized by mild winters and
long, hot summers. Mean annual temperature for the site was 17.6°C with mean maximum
temperature being 23.8°C and mean minimum temperature being 11.3°C (Arguez et al., 2012).
Rainfall is fairly evenly distributed throughout the year, with the region, on average, receiving
127-142 cm per year (Runkle et al, 2017). The soil of the site is characterized as a Prentiss silty
loam soil, which is a moderately well-drained soil with a seasonal water table perched at 0.610.76 m (NRCS Web Soil Survey).
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Measurement of Site Conditions
Sensors measuring solar radiation (LI190SB Quantum sensor; LI-COR Biosciences Inc.,
Lincoln, NE, USA), air temperature and relative humidity (HMP60 temperature and relative
humidity probe, Vaisala, Helsinki, FI), rainfall (TE525MM tipping bucket rain gauge, Texas
Electronics, Dallas, TX, USA) and soil moisture (CS616 time domain reflectometry probes,
Campbell Scientific Inc., Logan, UT, USA) were installed at the beginning of growing season
one (GS1; May, 2018). All but sap flow sensors were connected to a datalogger (CR1000,
Campbell Scientific Inc.) which recorded environmental measurements at 30-minute intervals
while sap flow sensors were connected to a coupled multiplexer (AM16/32B, Campbell
Scientific Inc.).

Clonal Selection and Establishment
The study site was arranged in 12 replicate blocks (Figure 2.1) each containing four
subplots (25 clones each) of various taxa with trees arranged in a duplicate two-tree rows (Figure
2.2). A total of 2,400 trees were planted over 12 blocks. Each block contained the same
distribution of tree taxa (detailed in Table 2.1). In total, each block contained 46 Populus
deltoides × P. maximowiczii (DM), 25 P. deltoides × P. deltoides (Eastern cottonwood; DD), 13
P. deltoides × P. trichocarpa (DT), 11 P. deltoides × P. nigra (DN), 4 P. trichocarpa × P.
deltoides (TD), and 1 P. trichocarpa × P. maximowiczii clone as well as a duplicate ramet of
each (represented as T2 in Figure 2.2). The site underwent limited management prior to planting
in the first growing season in 2018. This included tilling and subsoiling to a depth of 45.72 cm in
combination with management in the form of mechanical weed removal. Weed removal was
undertaken to avoid any competition during the cuttings' establishment year and only occurred
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during the first growing season. Many of the selected eastern cottonwood (DD) and poplar
hybrid clones were chosen due to their proven ability to grow successfully at similar sites in the
Southeast (Rousseau et al., 2008). However, other clones selected have also shown promise in
more northern geographic locations but have yet to be tested in the Southeast. Though in the
same taxa, each of the clones were genetically unique having different parentage. Hybrid poplar
cuttings were provided by GreenWood Resources (Portland, OR, USA) while eastern
cottonwood cuttings were provided by Dr. Randy Rousseau at Mississippi State University.
Dormant and unrooted cuttings, approximately 40.64 cm in length, were planted at the site in
April of 2018 at 2.74 × 1.83 m spacing. Additional fertilization and irrigation were not added to
the site. Preventative pesticides were applied during the second growing season via crop dusting
to prevent the establishment of Chrysomela scripta (cottonwood leaf beetle) at the site.
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Figure 2.1

Aerial overview showing the site layout and orientation of blocks 1-12 in Monroe
County, MS, USA. Height measurements were taken across all blocks, gas
exchange measurements in block 4, 5 and 10 and biomass harvest occurred in
block 5.
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Figure 2.2

An example of a replicate planting block (block 5) with two-tree row duplicate
layout. Colored areas are representative of monoclonal or mixed-taxa subplots
consisting of Populus deltoides × Populus deltoides (DD; light blue), Populus
deltoides × Populus maximowiczii (DM; orange and light red), Populus deltoides ×
Populus nigra (DN; green), P. trichocarpa × P. maximowiczii (TM; light red),
Populus trichocarpa × Populus deltoides (TD; green) or Populus deltoides ×
Populus trichocarpa (DT; green) arrangements. T-2 is genetically identical to the
clone of the tree listed above it.
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Table 2.2

Parentage of all planted eastern cottonwood and poplar hybrids researched in this
study. Each individual varietal is a progeny of unique combination of different
mother and father hybridization.
Taxa

Parentage

Varietals per Block

DM

P. deltoides × P. maximowiczii

46

DN

P. deltoides × P. nigra

11

DT

P. deltoides × P. trichocarpa

13

DD

P. deltoides × P. deltoides

25

TD

(eastern cottonwood)
P. trichocarpa × P. deltoides

4

TM*

P. trichocarpa × P. maximowiczii

1

*The lone TM varietal was planted, however due to limited numbers at the start of planting
(n=12), which were further decreased by mortality, they were removed from analysis.
Measurement of Physiological Parameters
Post establishment, trees were allowed to grow to roughly 1 m tall before gas exchange
measurements were taken. During July, September and October of the first growing season, leaflevel gas exchange measurements including photosynthetic assimilation, transpiration and
stomatal conductance of blocks 4, 5 and 10 were taken. These blocks were selected to
incorporate spatial variance across the measurements (see Figure 2.1). Leaves were measured
using a LI-COR 6400XTP photosynthesis system (LI-COR Biosciences Inc.). Measurements
were taken midmorning to avoid daily water stress and were taken on the largest of each
duplicate clone. The infrared gas analyzer (IRGA) was clamped onto a selected leaf and allowed
to equilibrate for 1 minute prior to recording gas exchange. IRGA conditions were maintained at
1500 µmol m-2 s-1 of light exposure and 400 μmol mol-1CO2. Relative humidity remained
ambient unless it exceeded 50%, in the event of this occurrence, desiccant was utilized to
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maintain levels at or below 50%. These measurements allowed the calculation of leaf-level
water use efficiency and intrinsic water use efficiency (WUE and iWUE). WUE is defined the
ratio of photosynthetic assimilation to transpiration, while iWUE is the ratio of photosynthetic
assimilation to stomatal conductance.

After gas exchange measurements, leaves were removed from trees and returned to the
lab to record leaf areas via a LI-COR 3100 leaf area meter (LI-COR Biosciences Inc.). After leaf
area measurements, leaves were dried in a Fisherbrand drying oven (Thermo Fisher Scientific,
Waltham, MA, USA) at 60°C for 48 hours to ensure the removal of water. Dried leaves were
weighed and leaf mass per area (LMA; the ratio of a leaf’s oven-dried mass to its fresh leaf area)
was calculated. Individual leaves were then ground and measured for carbon and nitrogen
content as well as stable carbon isotopes using elemental combustion analysis (PDZ Europa
ANCA-GSL elemental analyzer; Sercon Ltd, Cheshire, UK) and inductively coupled plasma
optical emission spectrometry (PDZ Europa 20-20 isotope mass spectrometer; Sercon Ltd,
Cheshire, UK) at the University of California Davis Stable Isotope Laboratory. These measures
allowed the calculation of photosynthetic nitrogen use efficiency (PNUE; the ratio of carbon
assimilation per unit nitrogen).

During growing season two (GS2) CO2 response curves were created for 48 clones in
block five, however technical difficulties in the field reduced this number to 39. Clones selected
for CO2 response curves were those which were marked for future sap flow measurements (see
chapter section 3.2.5). Measurements were taken to calculate maximum rate of Rubisco-limited
carboxylation (Vcmax) and electron transport-limited carboxylation rates (Jmax). Curves were
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created under fully saturated light conditions (1500 μmol m-2 s-1) and CO2 concentrations ranging
between 50-800 μmol mol-1 using the LI-COR 6400XTP photosynthesis system (LI-COR
Biosciences Inc.). CO2 levels were altered following protocol outlined in the default CO2
response curve from LI-COR (LI-COR Biosciences Inc.) where CO2 levels were modified to
follow a sequence of 400, 300, 200, 100, 50, 400, 400, 600 and 800 μmol mol-1 respectively.
Vcmax and Jmax from these curves were then estimated using the fitaci function in the plantecophys
(Duursma 2015) package in R (R Core Team 2013) to calculate Vcmax and Jmax.

Measurements of Productivity
At the conclusion of growing season 1 (GS1), height measurements and percent survival
were recorded for each tree (including T2s) in blocks 1-12. From these data, averages for height
were compiled across taxa. Height, diameter at breast height (DBH) and percent survival
measurements were also recorded for blocks 1-12 at the end of growing season two (GS2).
Measurements were compared across growing seasons and taxa to determine growth and
mortality rates between GS1 and GS2.

At the conclusion of GS2, a selection of 48 sap flow trees from block 5 (see chapter 3,
section 3.2.4) were harvested for biomass estimation. All leaves were collected at harvest. Leaf
area of the harvested individuals was estimated by calculating the weight per unit area of 10
randomly selected leaves. This was then multiplied by the total fresh weight of all collected
leaves to estimate entire canopy leaf area. Stem height, DBH and sapwood area of harvested
trees were measured. Fresh weights of stems and woody material were measured in the field and
leaves collected. In order to estimate wood density, fresh wood samples were collected and
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weighed in the field and then their volumes were measured using a volume displacement
method. Wood samples were then dried in a Fisherbrand drying oven (Thermo Fisher Scientific)
at 60°C for upwards of two weeks, weighed, and then reweighed until the changes in weight
between measurements from the loss of water were no longer apparent. This process ensured the
removal of water from all samples, allowing for an accurate estimation of the dry woody biomass
of each sample. At the conclusion of this period, the sample’s dry weights were recorded. Using
their measures of wet volume and dry weights, wood density was then calculated. The difference
between fresh and dry weights, wood moisture content for each sample was calculated. Woody
aboveground dry biomass was then calculated by subtracting whole tree water content from fresh
stem weight. GS2 productivity was then scaled to estimate aboveground dry biomass and per
hectare yields.

Statistical Analysis
Relationships between physiology taken in GS1 (see chapter 2, section 2.2.4) and growth
metrics in GS1 and GS2 (see chapter 2, section 2.2.5) across taxa and between individuals were
analyzed through analysis of variance and linear regression. Tukey’s range tests were utilized to
determine differences in values between taxa. Analysis was undertaken in R (R Core Team
2013). TM individuals were removed from analysis due to limited number (only one individual
per block). Scaling of aboveground biomass to per hectare yields for each clone was
accomplished through multiplying individual dry woody biomass by their spacing of 1993 trees
ha-1 and converting into US tons ha-1.
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Results
Site Conditions
During GS1 (May 1st– September 30th, 2018) average temperature at the study site was
25.58 °C while rainfall totaled 542.5 mm (Table 2.2). The month of June received the most
rainfall at 152.3 mm and July the least at 58.2 mm (Figure 2.3A). Average temperature at the
study site for GS2 (May 1st– September 30th, 2019) was 25.13 °C. Total recorded rainfall was
569.4 mm, with the month of July was the wettest month receiving 273.8 mm of rain while
September was the driest receiving 0.4 mm (Figure 2.3B).

Table 2.3

Climatic conditions of the study site for growing season one (GS1, May 1st–
September 30th, 2018) and growing season two (GS2, May 1st– September 30th,
2019).
Average Temp GS1

25.58 °C

Min Temp GS1

7.12 °C

Max Temp GS1

35.41 °C

Total Seasonal Rainfall GS1

542.5 mm

Average Temp GS2

25.13 °C

Min Temp GS2

9.41 °C

Max Temp GS2

39.12 °C

Total Seasonal Rainfall GS2

569.4 mm
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Figure 2.3

Total rainfall for the study site between (A) May 1st and September 30th, 2018 and
(B) May 1st and September 30th, 2019).
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Leaf Anatomy and Chemistry
Across all taxa, individuals with DN parentage had the smallest leaves, averaging 4451% smaller than all other taxa (p <0.001; Figure 2.4A). LMA was observed to be 5-9% lower in
DN taxa than any other taxa (Figure 2.4B). Leaf nitrogen content was 16-24% higher in
individuals with DN and DD parentage when compared to all other taxa (Figure 2.4C, p <0.001).
PNUE was 21-46% higher in DN and DT taxa than all other taxa (Figure 2.4D, p <0.001). DT
taxa were observed to have 1-3% more positive values of δ13C than all other taxa (Figure 2.4E, p
<0.001). A significant, but weak, positive relationship was observed between δ13C and leaf
nitrogen content across all taxa (Figure 2.4F, p <0.001, r2 = 0.06).
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Figure 2.4

Trends in leaf anatomy and chemistry by taxa recorded across blocks, 4, 5 and 10.
(A leaf area. (B) leaf mas)s per area (LMA). (C) leaf nitrogen concentrations (%).
(D) photosynthetic nitrogen use efficiency (PNUE) (photosynthetic capacity/g N s1
). (E) δ13C isotopic signature (‰). (F) Correlation between leaf nitrogen content
(%) and δ13C isotopic signature (‰). Parameters with the same letter did not have
any significant differences between taxa. Taxa included P. deltoides × P.
maximowiczii (DM), P. deltoides × P. nigra (DN), P. deltoides × P. trichocarpa
(DT), P. deltoides × P. deltoides (DD) and P. trichocarpa × P. deltoides (TD).  =
0.05. Error bars are representative of one standard error.
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Physiological Measurements GS1
Results showed that DM varietals had rates of transpiration 7-20% lower than all other
taxa (p <0.001; Figure 2.5A). It was observed that DM varietals had rates of stomatal
conductance 7-33% lower than all other taxa (p <0.001; Figure 2.5B). Trees with DM, DN and
DD parentage were 2-15% more water use efficient than DT and TD individuals which were the
least (Figure 2.5C, p <0.001). When analyzing iWUE, DM individuals were observed to have
iWUE 15-48% higher than all other taxa (Figure 2.5D, p <0.001). Both DM and TD varietals had
photosynthetic rates 14-15% lower than all other taxa (Figure 2.5E, p <0.001).
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Figure 2.5

Trends in leaf-level physiology by taxa recorded across blocks 4, 5 and 10 in
growing season one. (A) rates of transpiration. (B) stomatal conductance. (C)
water use efficiency (WUE). (D) intrinsic water use efficiency (iWUE). (E)
photosynthetic assimilation. Parameters with the same letter did not have any
significant differences between taxa. Taxa included P. deltoides × P.
maximowiczii (DM), P. deltoides × P. nigra (DN), P. deltoides × P. trichocarpa
(DT), P. deltoides × P. deltoides (DD) and P. trichocarpa × P. deltoides (TD).  =
0.05. Error bars are representative of one standard error.
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Survival blocks 1-12
Across all blocks, survival was equally high in all taxa but DD, which had an observed
survival rate of 87.33% through GS1 (Figure 2.6). Survival was 100, 99.62, 99.46 and 98.72% in
TD, DN, DM and DT taxa respectively (Figure 2.6). During GS2, mortality increased across all
taxa with DD taxa still having lower rates of survival than all other taxa at 83.33%. Rates of
survival were 99.33, 99.18, 96.88, 95.15% for DN, DM, TD and DT respectively (Figure 2.7).
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Figure 2.6

GS2

Survival for growing seasons one (GS1) and two (GS2). Note survival typically
does not decrease after the establishment year, however, blocks 7-12 were exposed
to herbicide drift which likely increased mortality rates. Taxa included P. deltoides
× P. maximowiczii (DM), P. deltoides × P. nigra (DN), P. deltoides × P.
trichocarpa (DT), P. deltoides × P. deltoides (DD) and P. trichocarpa × P. deltoides
(TD). Parameters with the same letter did not have any significant differences
between taxa  = 0.05. Letter case is indicative of different growing seasons.
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Height Measurements
At the conclusion of GS1, DM taxa were 0.69-0.99 m taller than all other taxa (p <
0.001), averaging 4.38 m in height (Figure 2.7). After GS2, these trends in height continued,
with DM trees being 0.74-0.99 m taller than all other taxa (p < 0.001), averaging 6.65 m in
height.
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GS2

Average height of each taxa for growing seasons one (GS1) and two (GS2).
Heights were recorded for blocks 1-12. Taxa included P. deltoides × P.
maximowiczii (DM), P. deltoides × P. nigra (DN), P. deltoides × P. trichocarpa
(DT), P. deltoides × P. deltoides (DD) and P. trichocarpa × P. deltoides (TD).
Parameters with the same letter did not have any significant differences between
taxa  = 0.05. Letter case is indicative of different growing seasons.
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Average DBH for GS2 was also the highest in DM taxa at 6.05 cm, significantly higher
than all but DD taxa (p < 0.001; Figure 2.8). DT taxa averaged the smallest DBH, averaging 4.75
cm.
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Average diameter at breast height (DBH) of each taxa for growing season two
(GS2). DBHs were recorded for blocks 1-12. Taxa included P. deltoides × P.
maximowiczii (DM), P. deltoides × P. nigra (DN), P. deltoides × P. trichocarpa
(DT), P. deltoides × P. deltoides (DD) and P. trichocarpa × P. deltoides (TD).
Parameters with the same letter did not have any significant differences between
taxa  = 0.05. Error bars are representative of one standard error.
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GS1 Relationships Between Physiological Measurements and Growth
In the three blocks which physiological measurements in GS1 were taken (blocks 4, 5
and 10), Heights from GS1 were observed to be significantly, negatively correlated with
stomatal conductance in DM (p = 0.007, r2 = 0.05) , DN (p = 0.002, r2 = 0.27) and DT taxa
(Figure 2.9A, p = 0.013, r2 = 0.16) and with transpiration in DN taxa (Figure 2.9B, p = 0.042, r2 =
0.13). Similarly, heights from GS1 were positively correlated with WUE in DM and DD taxa
(Figure 2.9C, p = 0.002, r2 = 0.12, p<0.001, r2 = 0.12 respectively). In DM, DN and DT taxa,
iWUE was observed to be positively related to GS1 height (Figure 2.9D, p<0.001, r2 = 0.09, p =
0.031, r2 = 0.18, p<0.001, r2 = 0.24 respectively). Height was observed to be positively correlated
with leaf nitrogen percentage in DM and DT taxa (Figure 2.9E, p<0.001, r2 = 0.14 and p<0.001,
r2 = 0.28). No significant trends were observed between height and rates of photosynthesis or
PNUE in any taxa. The equations for these relationships are depicted in Appendix A.
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Figure 2.9

Details relationships between growing season one height (GS1) and physiology
including: (A) stomatal conductance. (B) transpiration. (C) WUE. (D) iWUE. (E)
leaf nitrogen percentage. Taxa included P. deltoides × P. maximowiczii (DM), P.
deltoides × P. nigra (DN), P. deltoides × P. trichocarpa (DT), and P. deltoides × P.
deltoides (DD).

50

GS2 Productivity
Of the harvested individuals (n=48), DT taxa had the highest average dry wood biomass
at 4.97 kg/individual while DN taxa had the lowest at 3.22 kg/individual. However, dry wood
biomass was not significantly different across taxa (Figure 2.10A).
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Average total woody dry biomass by taxa of the coppiced individuals from block
5. Averages were not significantly different across taxa. Error bars are
representative of one standard error. Taxa included P. deltoides × P. maximowiczii
(DM), P. deltoides × P. nigra (DN), P. deltoides × P. trichocarpa (DT), P. deltoides
× P. deltoides (DD) and P. trichocarpa × P. deltoides (TD). Parameters with the
same letter did not have any significant differences between taxa  = 0.05. Error
bars are representative of one standard error.
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Dry wood biomass was strongly, positively related to DBH and GS2 height (p<0.001, r2 =
0.52 and p<0.001, r2 = 0.55 respectively). The relationship between GS2 height, DBH and dry
woody biomass for all harvested clones led to the creation of a metric multiplying the tree DBH
squared by its height, the relationships between this metric and dry woody biomass is depicted in
Figure 2.11A. Wood density was not significantly different across taxa. Wood density averaged
0.39, 0.60, 0.47, 0.37 and 0.37 g/cm3 in DM, DN, DT, DD and TD respectively (data not shown).
LMA was found to be weakly, negatively correlated with dry woody biomass in DM taxa (Figure
2.11B, p =0.001, r2 = 0.24) while being positively correlated in DD taxa (Figure 2.12B, p =
0.047, r2 = 0.08).
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Figure 2.11

(A) relationship between growing season two height, diameter at breast height
(DBH) and dry woody biomass for all harvested clones. Taxa included P. deltoides
× P. maximowiczii (DM), P. deltoides × P. nigra (DN), P. deltoides × P.
trichocarpa (DT), P. deltoides × P. deltoides (DD) and P. trichocarpa × P. deltoides
(TD). (B) relationships between dry woody biomass and leaf mass per area (LMA)
in DM and DD taxa. Equation of the trendlines (B) are: Dry Woody Biomass (DM)
(kg) = -0.1085(LMA (g/m2)) + 11.497 and Dry Woody Biomass (DD) (kg) =
0.0619(LMA (g/m2)) + 0.584.
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GS1 Physiological Predictors of GS2 height and Total Woody Biomass
Across all taxa measured in blocks 4, 5 and 10, no significant relationships were observed
between GS1 stomatal conductance, transpiration, photosynthetic rates, δ13C, WUE, iWUE,
LMA or GS2 Vcmax and GS2 height. However, Jmax from GS2 was significantly, negatively
related to GS2 height in DM taxa (Figure 2.12A, p = 0.048, r2 = 0.15).

When examining dry woody biomass of the harvested individuals in block 5, it was
observed that δ13C was significantly, positively related to dry woody biomass in GS2 in both DN
and DD taxa (Figure 2.12B, p = 0.036, r² = 0.84 and p = 0.024, r² = 0.41 respectively). It was
observed that iWUE was significantly, positively correlated with dry woody biomass in DM taxa
(Figure 2.12C, p = 0.020, r2 = 0.23) and negatively corelated in DT and DD taxa (Figure 2.12C,
p = 0.005, r2 =0.42 and p = 0.010, r2 = 0.14 respectively). When examining PNUE, a significant,
positive correlation between PNUE and total woody biomass was found in DM taxa while there
was a significant, negative correlation between PNUE and total woody biomass in DD taxa
(Figure 2.12D, p = 0.049, r2 = 0.19; p = 0.024, r2 = 0.14 respectively).
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Figure 2.12

(A) relationship between growing season two height and maximum rate of electron
transport-limited carboxylation rates (Jmax). (B) dry woody biomass and δ13C. (C)
dry woody biomass and intrinsic water use efficiency (iWUE). (D) dry woody
biomass and photosynthetic nitrogen use efficiency (PNUE). Taxa included P.
deltoides × P. maximowiczii (DM), P. deltoides × P. nigra (DN), P. deltoides × P.
trichocarpa (DT), P. deltoides × P. deltoides (DD) and P. trichocarpa × P. deltoides
(TD).
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Discussion
Survival
During the first growing season, survival was lowest for the DD parentage and highest
for the TD parentage. Survival was considerably lower in DD clones than any other taxa, one
explanation for this stark difference in mortality is that DD clones were not able to establish from
the planted cuttings as well as other taxa. This is likely due to poor rootibillity which has been
observed in DD clones (Randall and Krinard 1977; Rousseau et al., 2008). Survival decreased in
all taxa over GS2. During GS2, DD trees had the highest reduction in survival rates dropping
3.16% to 84.17% over the two growing seasons while DN taxa had the lowest, only having a
0.39% reduction in survival. It is uncommon to see large increases in percent mortality in the
second growing season after establishment (Rousseau et al., 2008). However, during GS2, blocks
7-12 were exposed to herbicide drift from a neighboring pine stand. This drift resulted in death
of some individuals, in turn, skewing mortality. In particular, the south portion of blocks 7-12
and the west portion of block 12 were impacted by herbicide drift. In these sections, DD and DT
clones were prevalent and, in turn, were largely affected by the drift. When omitting clones
affected by herbicide damage, survival in all but DM taxa increased, measuring 99.61, 97.16,
84.17 and 98.95% in DN, DT, DD and TD taxa respectively after two growing seasons.

Height
Burkhart et al. (2017) conducted a study in Virginia on DM, DN and DT clones grown
over two years. Trends in their GS1 height growth, support those observed in this study, showing
that DM clones, on average, were the tallest of all taxa, averaging 1.45 m (n = 252) followed by
DT (1.29 m, n = 108) and DN (1.23 m, n = 72). In comparison, clones in my study were
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considerably taller in GS1 with DM taxa averaging 4.38, DT averaging 3.39 and DN averaging
3.59 m in height. These large differences in height growth suggest that the climate or soil type of
my study site is much more favorable for the growth of these specific taxa and/or the clonal
selection of my study is capable of amassing far higher growth rates in GS1. Trends in height
from GS2 were consistent with those observed by Burkhart et al. (2017) who observed that DM
clones were, on average, the tallest of all measured taxa (3.75 m), while DT were the shortest
(3.05 m), while DN averaged 3.19 m. Similarly, GS2 clones in my study were considerably taller
than the ones tested, further supporting the claim that climatic conditions, soil type and/or clonal
selection were much more favorable for height growth in my study, though soil composition was
not described in depth. When examining inter-taxa height growth, considerable variation was
observed between clones. Standard deviations in height ranged from 0.57-0.84 m in GS1 and
0.64-1.05 m in GS2 across all taxa. With this study encompassing such a large number of trees,
this large spread in height underlines an inherent variability in early rotation growing potential in
these taxa. However, such variability is not uncommon in the literature, as Rae et al. (2004)
reported similar height variability in 29 DN varietals grown in a common garden experiment in
the UK while Bungart and Hüttl (2004) observed similar observations in P. deltoides, P.
maximowiczii, P. nigra and P. trichocarpa hybrids in Germany. This observed variability in
height even within the same taxa, combined with the strong positive relationship between height
and biomass production, suggests that studies such as this one are a largely necessary screening
process in order to isolate clones well-suited for future bioenergy production.
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Woody Biomass
In the harvested individuals (n = 48), GS2 height was found to strongly relate to woody
biomass (r2 = 0.55). This relationship in poplar has been heavily supported in the literature with
Madgwick (1971), Heilmann and Xie (1993), Verwijst (1993), Pointailler et al. (1997),
Scarascia-Mugnozza et al. (1997) and Rae et al. (2004) having similar findings. Individuals with
DT parentage (n = 7) compiled, on average, the most dry woody biomass at 4.97 kg while those
of DN parentage (n = 5) compiled the least at 3.22 kg. In this harvested group, DT clones were,
on average, taller than all other clones, further highlighting the strong relationship between
height and biomass production. Total woody biomass, however, was not significantly different
across taxa. This is likely due to the limited sample size of the harvested individuals. As this
study progresses, more trees will be coppiced meaning that changes in recorded woody biomass
yields may change and trends may become significant across taxa.

On average, the dry woody biomass yields of this study were considerably higher than
other studies. Guo and Zhang (2010) recorded the dry woody biomass of TD and DN clones in
Beijing, China. After two growing seasons, average woody biomass for both TD and DN taxa
were considerably lower than those recorded in this study, averaging 1.04 and 1.40 kg
respectively. Sixto et al. (2014) also recorded lower yields in 2-year-old DT and DN clones
grown in Mediterranean environments in Spain, averaging 1.00 (n = 108) and 1.08 kg (n = 540)
respectively (studies summarized in Appendix B). Differences in yields observed in these studies
are likely due to dissimilarities in climatic conditions. For example, Beijing has considerably
colder winters than northern Mississippi. Spacing and clonal variety likely also had an impact on
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yields. The clones studied by Sixto et al. (2014) were planted at a very tight spacing of
1 × 0.30 m and both studies used clonal varieties that were different from those I studied.

Of the trees harvested, three of the most productive individuals were clones 112107
(DD), 10029 (DT) and 8717 (DT) which produced 7.15, 7.13 and 7.07 kg of woody biomass
respectively, while the least productive individuals, of the trees harvested, were clones 11859
(DN), S13C20 (DD) and 10243 (DM) with 1.06, 1.31 and 1.75 kg respectively. Yields after two
growing seasons were estimated on a taxa and individual level. Taxa averages ranged from 7.08
dry tons/ha in DN individuals (n = 5) to 10.92 dry tons/ha for DT individuals (n = 7). On the
clonal level, the highest performing individuals were clone 112107 yielding an estimated 15.71
dry tons/ha, clone 10029 at 15.67 dry tons/ha and clone 8717 at 15.54 dry tons/ha over two
growing seasons. It should be noted that these estimates are based off of recorded interactions
with surrounding clones of varying parentage from this study. It is likely that these yields would
differ if these clones are grown in monoclonal blocks.

A comparable study conducted by Verlinden et al. (2013) in Belgium found that over two
growing seasons, DN trees, on average, had yields of 10.08 dry tons/ha, roughly 3 dry tons/ha
greater than DN in this study. Trees in the study by Verlinden, et al. (2013) were planted at a
high planting density and also were grown under considerably different climatic conditions in
Belgium, both which may have played a factor in recorded yields. However, differences in clonal
composition most likely explain these higher yields. A study by Bourque et al. (2014) on DM,
DN and DT hybrids predicted that collectively, non-irrigated hybrid poplar averaged 4.2 and 6.0
dry tons/ha on two separate sites in Montana over two growing seasons. The variability in
59

biomass yields observed across and even within taxa in this study is not uncommon in the
literature. Rae et al. (2004) observed that even when planted at the same site, estimated yields of
a single irrigated TD clone varied widely ranging between 0.04-23.68 dry tons/ha. Pallardy et al.
(2003) also found variability between taxa and clones with yields of DN and DD clones ranging
from 6.29-15.32 dry tons/ha. As did Nielsen et al. (2014), who observed average yields between
0.09-5.29 dry tons/ha/year in DM, DT and DN clones over a 13-year rotation.

Relationships Between GS1 Physiology and Height
GS1 physiology was found to be a good predictor of GS1 height, but trends were highly
variable across taxa. For example, iWUE was significantly, positively correlated with height
growth in DM and DN taxa, negatively correlated with height in DT taxa and had no significant
relationship with height in DD and TD taxa. Of the measured physiology for GS1, stomatal
conductance was observed to be least variable across taxa, being significantly, negatively
correlated with height in three of the five studied taxa (DM, DN and DT) while no significant
relationships were observed with height in DD and TD clones. This indicates that measurements
of leaf-level stomatal conductance may be a good predictor of height growth in GS1 for DM, DN
and DT taxa.

Numerous studies have detailed connections between WUE and productivity across a
wide range of plant species (Virgona and Farquhar 1996; Praslova et al., 2003; Rae et al., 2004;
Marron et al., 2005). In this study, WUE was observed to have a significant, positive relationship
with height growth in both DM and DD clones. These relationships are intriguing, as DM and
DD clones were, on average, the two tallest taxa throughout the study. This suggests that GS1
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WUE may have a strong link to height growth. These relationships may be useful in the selection
of future feedstocks.

Relations Between GS1 Physiology and GS2 Height and Biomass
In the second growing season, limited associations were observed in blocks 4, 5 and 10 (n
= 297) between GS1 physiology and GS2 height, with Jmax being the only parameter measured in
GS2 that was significantly, negatively related to height. This observed relationship is surprising,
as typically individuals with higher Jmax are capable of amassing greater stores of carbon due to
higher maximum rates of photosynthetic electron transport (Hinojo-Hinojo et al., 2018).
Increases in carbon stores, in turn, could be allocated towards height growth, further explaining
why Jmax and height have been observed to be positively related (Kenzo et al., 2006). However,
the negative relationship observed in my study suggests that strategies for carbon allocation may
differ across DM taxa, meaning that they potentially allocate more carbon towards belowground
growth than aboveground.

In the harvested individuals, iWUE in DT and DD taxa was observed to have a negative
correlation with dry woody biomass, while in DM trees this relationship was positive. The
relationship between increased height and increased woody biomass is well established (Wu et
al., 2015). Individuals with higher iWUE are capable of assimilating carbon for aboveground
biomass growth while using comparatively less water resources than non-efficient individuals
(Condon et al., 2002). Since relationships observed in iWUE are similar for both height and
woody biomass growth, this suggests that iWUE may be a good predictor of future growth.
Variability in these trends across taxa suggest the existence of varying strategies in water usage.
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Taxa with observed negative correlations between iWUE and biomass and height may utilize an
anisohydric approach when it comes to water use. They may enact limited control over stomatal
openings even under droughted conditions leading to increased water loss, in turn reducing
iWUE as stomatal conductance is directly related to its calculation. This may especially be true
for DD taxa, as they had the highest rates of stomatal conductance on average. DD taxa also
possessed the highest average rates of photosynthetic assimilation. This in combination with high
rates of stomatal conductance, suggest that DD clones were not water limited at my site.
Supplementary irrigation was not provided to any clones and nonetheless the tallest of DD clones
generally had the lowest iWUE. In comparison, the tallest of the DM clones, in which a positive
relationship between growth and iWUE was observed, typically had higher iWUE. This suggests
that DM taxa may undertake a more isohydric approach to water usage, being able to better
regulate their stomatal conductance. Though not a direct measure of biomass production, wood
density has been shown to have a positive relationship with biomass production (Nam et al.,
2018). Due to this strong coupling, it can be suggested that trends between stomatal conductance
and dry woody biomass may become more apparent with a larger sample size.

When taking management into consideration, these data suggest that both DD and DM
taxa are well-suited for growth in upland sites with similar climates to the one my study occurred
on. Both were able to attain high height growth over two growing seasons without the inclusion
of supplementary irrigation, though both growing seasons had higher than average rainfall
(Arguez et al., 2012). The strategies used to attain this growth varied, but nonetheless were
effective for attaining rapid growth.
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Trends between GS1 height and physiology were evident, meaning the use of these
relationships to predict establishment year height growth in select taxa is likely possible.
Relationships between GS1 physiology and GS2 height, however, were not as evident at a largescale as they were for GS1. This being said, on a smaller-scale, trends were apparent between
GS1 physiology, height and dry woody biomass production in the harvested subblock. Akin to
those observed between GS1 physiology and growth, these trends varied considerably by taxa.
The lack of correlation between GS1 physiology and GS2 height growth suggests previous
season leaf-level physiology may not be as good of a predictor of GS2 height growth as GS1
physiology was of GS1 height growth, suggesting that relationships between these parameters
change over time. However, for the harvested individuals, trends were observed between GS1
iWUE and height and biomass production, suggesting that previous season iWUE may be a good
predictor of future biomass, but not height growth.

Conclusion
Collectively, DN taxa demonstrated the lowest rates of mortality over two growing
seasons, though mortality rates were similar for most taxa. It should also be noted that herbicide
drift considerably altered mortality rates in GS2. In this same time span, DM clones grew taller
than all other taxa, averaging 6.65 m in height while being the most efficient with water usage
and having lower photosynthetic rates in GS1. GS1 physiology was generally a good predictor of
GS1 growth, though trends varied by taxa. For all trees measured during this study (n = 297),
GS1 physiology was not a good predictor of GS2 height growth across any taxa. On a smaller
scale, iWUE from GS1 was found to be strongly related to both height and dry woody biomass
production of coppiced individuals (n = 48). These discrepancies in trends between large and
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small-scale suggests that these relationships may be block specific and that further study should
be taken to determine if iWUE is a good predictor of growth. Overall, these results consist of the
first two years of a five-year study, meaning trends from this study may change as it progresses
and trees fully mature. This may especially be the case for trends observed in GS1, as clones
were planted from cuttings earlier that same year. Because of this, it is possible that growth
strategies were focused more towards the establishment of belowground biomass than
aboveground, potentially altering trends observed in physiology and growth.
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CHAPTER III
RELATIONSHIPS BETWEEN PHYSIOLOGY, WATER RELATIONS AND PRODUCTIVTY
OF 99 NOVEL POPULUS SPECIES GROWN AT AN UPLAND SITE IN NORTHEAST
MISSISSIPI, USA
Introduction
According to the DOE’s Billion Ton Update, production of biofuels are projected to
increase in upcoming years (Langholtz, et al., 2016). It has been established that eastern
cottonwood and hybrid poplar are capable of producing high yields over short rotation lengths
(Stanton et al., 2002). Although these high yields make poplar a strong candidate to become a
major bioenergy feedstock, this productivity often comes at the cost of correspondingly high
water demands (Dimitriou et al., 2009; Dillen et al., 2010). For this reason, many poplar
plantations are often situated in alluvial areas where water is abundant (Monclus et al., 2006).

With the expansion of bioenergy production, competition for land resources between
biofuel and food production is likely to occur (Langholtz et al., 2016). Eastern cottonwood and
hybrid poplar have demonstrated the ability to grow on land that is not considered suitable for
many food crops (Robinson et al., 2000; Vose et al., 2000; Guerra et al., 2011). Because of this,
it is likely that future poplar plantations will occur on less fertile, upland sites as others will be
occupied by food crops (Langholtz et al., 2016). These sites, unlike the alluvial sites which
poplar plantations are typically grown on, are often water limited in nature due to a lack of
65

proximity to water resources. Because of the increased water availability associated with alluvial
planting sites, commercial breeding efforts in poplar seldomly focus on isolating clones with
conservative water use strategies (Monclus et al., 2006). Decreased water loss can be selectively
bred for by reducing transpiration rates through the reduction of stomatal density, however, this
strategy of limiting transpiration typically reduces carbon assimilation and biomass production
(Sinclair et al., 1984; Udayakumar et al., 1998).

Combined with the need for an expanded production range, poplar plantations are likely to be
impacted by future trends in global climate change. If forecasted trends of global climate change
come to fruition, water availability for crops will be a concern in the near future (Cisneros et al.,
2014). In particular, it is likely that these trends will strongly impact upland regions where poplar
production is forecasted to increase and water availability is already seasonally limited. If this
were to happen, water availability in these areas will become a critical determinant of
productivity and, in turn, suitable as a bioenergy crop (Marshall et al., 2012). In addition to
increased drought, future levels of CO2 are projected to rise (Saxe et al., 2001). Increased CO2
levels have been shown to increase sap flow rates in poplar (Tricker et al., 2009). This is
believed to be due, in part, to increases in leaf area which are associated with increased CO2
levels (Eamus 1991; Morison et al., 1993; Kellomaki and Wang 1997; Wang and Kellomaki
2005). The combination of more frequent drought events, increased CO2 levels, and need for
biofuel production highlights the importance that selective breeding of poplar species will play in
upcoming years. Isolating poplar clones which are capable of growing on upland sites while
simultaneously possessing high WUE will allow for expanded bioenergy production in future
years.
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For these reasons, it is important to research poplar water usage prior to the implementation
in large-scale bioenergy plantations. It is crucial to understand the impacts that planting these
feedstocks could have on the local environment, as well as the potential costs which may be
associated with them if irrigation of these crops is required. Garnering a better understanding of
water relations in poplar is accomplishable through gas exchange and sap flow measurements
(Granier 1987; Johnson et al., 2002). Gas exchange is able to provide insight into the intrinsic
functioning of individual trees at the leaf-level (Johnson et al., 2002). From these measurements,
WUE and intrinsic water use efficiency (iWUE) can then be determined, in turn, providing a
snapshot of the amount of water required to assimilate carbon during the time of measurement
(Hatfield and Christian 2019). Sap flow measurements are able to provide empirical data on
entire tree water usage over the course of a growing season or year (Granier 1987). These data
can then be compared to biomass gains during that same timeframe to determine whole tree
water use efficiency (WUEtree) or, in other words, which trees are able to assimilate
comparatively higher rates of carbon than others while using equal or lesser amounts of water
resources (King et al., 2013).

Though the use of sap flow sensors provide the most accurate assessment of whole tree water
usage over time (Granier 1987), the installation of them at a plantation level would be labor
intensive and costly. For this reason, I aimed to quantify linkages between physiological
parameters measured via gas exchange and whole tree water usage garnered from sap flow data
to better assess tree water usage. A secondary objective of this chapter was to elucidate poplar
taxa and/or clones which are capable of being highly productive while simultaneously requiring
minimal water resources. The isolation of strong relationships between these two metrics would
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allow landowners to evaluate future impacts that poplar would have on their environment as well
as quantify future water needs and, in turn, costs associated with irrigation of growing these
feedstocks.

In this chapter, I set out to explore relationships between leaf-level physiological parameters
and total tree seasonal water usage of 48 genetically unique eastern cottonwood and hybrid
poplar individuals from two research blocks (n = 96) in a common garden study. I hypothesize
that total tree water usage observed from sap flow measurements will be better predictors of
growth metrics such as height and biomass production than previous season gas exchange
measurements such as WUE and iWUE. Poplar are highly productive trees and this productivity
is associated with high water requirements (Monclus et al., 2006). For this reason, it is likely that
trees which are able to obtain greater amounts of water will be more productive. In this study,
total tree water usage is a direct measurement of water being used through an entire growing
season, while instantaneous measures of transpiration and stomatal conductance only detail a
specific snapshot in time during the growing season prior. A lengthened temporal span ranging
an entire season's worth of water usage is likely to provide a clearer picture of total water usage,
and therefore, more strongly correlate with growth metrics in that same season than those of a
single snapshot in time, which likely vary throughout the season, provided by gas exchange
measurements.

I also hypothesize that leaf-level WUE, iWUE and δ13C measured in growing season 1 (GS1)
will be significantly related to WUEtree in growing season 2 (GS2). However, due to varying
water use strategies, I believe these relationships will vary by taxa as well across clones within
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the same taxa. Of the three GS1 physiological parameters listed, I believe that δ13C will be the
most strongly correlated with growth metrics as it details water use efficiency over a longer
temporal scale than instantaneous measurements of WUE and iWUE (Seibt et al., 2008).

Materials and Methods
Field Study Site
The location, climate and layout of the site in which this study took place is described in
depth in chapter 2 section 2.2.1.

Measurement of Site Conditions
Measurements of site conditions are consistent with protocol outlined in chapter 2 section
2.2.2.

Measurement of Physiological Relationships
The measurement of physiology in GS1 was accomplished predominantly through gas
exchange measurements and is consistent with protocol outlined in chapter 2 section 2.2.4.

Measurements of Productivity
Measurements of aboveground productivity occurred via height measurements in blocks
2 and 5 (n = 96) as well as woody biomass measurements for harvested clones in block 5 (n =
48). Protocol for the measurement and harvest of these blocks is consistent with that outlined in
chapter 2 section 2.2.5.
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Measurement of Sap Flow
During the summer of the second growing season, thermal dissipation sap flow sensors
were inserted radially into the sapwood on the north side of 96 trees in blocks 2 and 5. Trees
chosen for sap flow measurements exhibited high levels of photosynthesis and large ranges of
leaf-level WUE in GS1. Sensors were installed following the Granier method (Granier 1987).
Briefly, this method allows an estimation of sap flux density through two thermally decoupled
probes which are inserted into the sapwood of the tree. The upper probe was heated with 0.2 W
of electricity, while the lower probe is unheated, both were connected to a datalogger and
associated multiplexers which record the probes’ temperature difference every 30 seconds and
averaged every 30 minutes. Movement of sap from the base of the tree upwards towards the
heated probe cools the heated probe. The degree at which the heated probe is cooled allows one
to then assess the rate at which sap flow is occurring through the following equation (Granier
1987):

Fd = 119 × (

∆TXmax − ∆T
)
∆T

1.231

(3.1)

Here Fd represents the sap flux density measured in g m-2 s-1, while ∆T is the temperature
difference between each probe, and ∆Txmax is the maximum temperature difference measured
between both probes during the time of data recording, which typically occurs when sap flow is
minimal or ceases. Data recorded from sap flow sensors were processed in Baseliner software
(Oishi et al., 2016). This software relates ∆T to Fd through the creation of a dimensionless “flow
index” K, where α and β are empirical coefficients from Granier (1985)
and the following equations (Oishi et al., 2016):
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1) K = (

∆Txmax – ∆T
∆Txmax
)= (
)−1
∆T
∆T
(3.3)

2) Fd = α × Kβ

(3.2)

Daily values of Fd were then multiplied by the calculated sapwood area (SA) of the tree
and converted to kg H2O /day. SA is needed at daily time steps to accurately calculate daily sap
flow. In order to estimate SA over each day of the growing season, I took the ratio of sapwood
area and total cross sectional area recorded at harvest (see chapter 2, section 2.2.5). I then
multiplied this ratio by tree area of the same tree from measurements in May 1st. From this, I
was able to determine the differences between May 1st and day of harvest SA. This number was
then divided by the number of days between measurements to estimate daily SA for the time
period. Daily sap flow data were then summed over the course of the entire growing season to
calculate seasonal sap flow. May 1st – September 30th was considered the active growing season
for eastern cottonwoods and hybrid poplar as these species experience leaf drop over the winter
months, in turn, limiting or ceasing sap flow.

Statistical Analysis
Protocol for data analysis across and within taxa is consistent with that outlined in
chapter 2, section 2.2.6. Any missing data from sap flow measurements were gap-filled by
utilizing multivariate regressions to estimate daily water usage from photosynthetically active
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radiation, vapor pressure deficit and soil moisture levels collected from site sensors as
explanatory variables.

Results
Total Water Usage
Results from GS2 show that DN taxa used the lowest amount of water over the growing
season averaging 1.96 kg H2O/day (Figure 3.1). Of all examined taxa, total seasonal water usage
in DM trees were only significantly higher than those of DN taxa (p = 0.032), no other
significant differences were observed in total water usage across remaining taxa. At the
individual level, clone 13724 (DM) recorded the highest average daily water usage of 16.17 kg
H2O/day (approximately 2457.10 kg H2O over the growing season) while clone 11859 (DN)
averaged the lowest at 0.09 kg H2O/day (approximately 40.76 kg H2O over the growing season).
Monthly sap flow did not mirror monthly rainfall (Figure 3.2).
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Average total water usage across all studied taxa over growing season 2
(GS2;5/1/19-9/30/19). Taxa included P. deltoides × P. maximowiczii (DM), P.
deltoides × P. nigra (DN), P. deltoides × P. trichocarpa (DT), P. deltoides × P.
deltoides (DD) and P. trichocarpa × P. deltoides (TD). Parameters with the same
letter did not have any significant differences between taxa  = 0.05. Error bars are
representative of one standard error.
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Relationship between growing season two (GS2) monthly sap flow and rainfall
levels in P. deltoides × P. maximowiczii (DM), P. deltoides × P. nigra (DN), P.
deltoides × P. trichocarpa (DT), P. deltoides × P. deltoides (DD) and P. trichocarpa
× P. deltoides (TD).

A strong, positive relationship was observed between total water usage, GS2 height and
dry woody biomass in all taxa (Figure 3.3 A-B, p<0.001, r2 = 0.30 and p <0.001, r2 = 0.49
respectively, see chapter 2, section 2.2.5 and 2.3.7 for height and biomass data). Total water
usage was negatively correlated with stomatal conductance from GS1 in DN taxa (Figure 3.3C, p
=0.046, r2 = 0.75). Negative relationships were observed between total water usage and PNUE in
DM taxa (Figure 3.3D, p<0.001, r2 = 0.20) as well as total water usage and leaf nitrogen
percentage in DD taxa (Figure 3.3E, p =0.048, r2 = 0.28). No relationship between Jmax, Vcmax or
δ13C and total water usage was observed across any taxa.
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Figure 3.3

Relationships between (A) growing season two water usage and height. (B) dry
woody biomass. (C) stomatal conductance. (D) photosynthetic nitrogen use
efficiency (PNUE). (E) leaf nitrogen concentration. Taxa included P. deltoides × P.
maximowiczii (DM), P. deltoides × P. nigra (DN), P. deltoides × P. trichocarpa
(DT), P. deltoides × P. deltoides (DD) and P. trichocarpa × P. deltoides (TD).
Trendlines and equations of (A) and (B) are representative of the relationship
across all taxa.
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Whole Tree WUE
When examining WUEtree for GS2, no significant differences were observed across taxa
(Figure 3.4). Trends were more apparent on the clonal level. Clone 112107 (DD) had the highest
whole tree water use efficiency at 4.93 g biomass/kg H2O while clone 8729 (DN) was observed
to have the lowest at 0.30 g biomass/kg H2O.
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Whole tree water use efficiency for growing season two in harvested clones
(n=48). Taxa included P. deltoides × P. maximowiczii (DM), P. deltoides × P.
nigra (DN), P. deltoides × P. trichocarpa (DT), P. deltoides × P. deltoides (DD)
and P. trichocarpa × P. deltoides (TD).Parameters with the same letter did not have
any significant differences between taxa  = 0.05. Error bars are representative of
one standard error.
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WUEtree was strongly, positively correlated with GS2 height in all taxa (Figure 3.5A,
p<0.001, r2 = 0.29). WUEtree was also observed to be strongly, positively related to biomass
production collectively (Figure 3.5B) however, this relationship was only significant in DD (p =
0.002, r² = 0.61) and DT (p = 0.044, r² = 0.59) taxa. Leaf-level physiological measurements from
GS1 (see chapter 2, section 2.3.3), including transpiration, were observed to be positively
correlated with WUEtree in DM and δ13C in DD taxa respectively (Figure 3.5C-D, p = 0.022, r² =
0.24 and p = 0.002, r² = 0.61, respectively).
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Figure 3.5

Relationships between (A) whole tree water use efficiency (WUEtree) and height in
growing season two (B) dry woody biomass (C) transpiration and (D) δ13C. Taxa
included P. deltoides × P. maximowiczii (DM), P. deltoides × P. nigra (DN), P.
deltoides × P. trichocarpa (DT), P. deltoides × P. deltoides (DD) and P. trichocarpa
× P. deltoides (TD). Trendline and equation of (A) are representative of the
relationship across all taxa.

No relationships between Jmax or Vcmax and WUEtree were observed across any taxa. On a
clonal level, clones 112107 (DD) and 8717 (DT) had the two highest WUE tree at 4.93 and 4.41 g
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biomass/kg H2O. Both of these clones also produced the high amount of dry woody biomass over
growing season two, ranking 2nd and 5th respectively (Table 3.1).

Table 1.1

Ten clones which produced the most aboveground woody biomass in growing
season two and their corresponding ranking in total water usage and whole tree
water use efficiency (WUEtree) for the same season. 1 ranks as the highest while 48
would rank as the lowest. Studied taxa were P. deltoides × P. maximowiczii (DM),
P. deltoides × P. nigra (DN), P. deltoides × P. trichocarpa (DT), P. deltoides × P.
deltoides (DD) and P. trichocarpa× P.deltoides (TD).

Clone

Taxa

Woody Biomass

WUEtree

Total Water

Rank

Rank

Usage Rank

47-5

DD

1

10

4

112107

DD

2

1

15

6-4

DD

3

4

14

7938

DT

4

12

10

8717

DT

5

2

20

14486

DM

6

35

2

6-5

DD

7

11

16

8002

DM

8

19

11

111733

DD

9

3

24

10029

DT

10

21

12
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Discussion
Total Water Usage
As hypothesized, total water usage was strongly correlated with both height and biomass
production in GS2. This relationship is well known and further supports the claims of Monclus et
al. (2006) who state that poplar productivity is highly dependent upon water usage. Total water
usage was also observed to scale negatively with stomatal conductance in DN from GS1. Though
this supports my hypothesis, I suspected stomatal conductance to positively scale with total water
usage as such relationships have been shown in the literature (Hernandez-Santana et al., 2016).
As well as stomatal conductance, transpiration also negatively scaled with total water usage,
meaning trees which used the highest amounts of water demonstrated the lowest rates of stomatal
activity and evapotranspiration. These observed negative relationships may be explained if
individuals using more water employ an isohydric water use strategy. This in turn would allow
them to better regulate stomatal openings throughout the day and in turn resulting in lower
stomatal conductance under high vapor pressure deficit conditions, however, further research
examining clonal-level water use strategies is needed to confirm this. It should also be noted that
the negative relationship observed between stomatal conductance and total water usage was only
apparent in DN taxa. This suggests that stomatal conductance may be a sufficient predictor of
future total water usage in this taxa, however, to ensure this relationship holds true, a larger
sample size should be examined as n = 4 for DN trees.

Whole Tree WUE
Based off of the parameters measured across taxa and clones, the original hypothesis that
leaf-level physiology, specifically WUE, iWUE and δ13C would be related to WUEtree was only
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partially supported. Neither WUE or iWUE from GS1 were found to have a significant
relationship with WUEtree in any taxa. This is interesting as transpiration was observed to be
positively correlated with biomass and height growth in DM taxa and is directly related to the
calculation of WUE. DM taxa were observed to have the lowest rates of photosynthetic
assimilation and transpiration and, in turn, WUE in GS1, while, as a taxa, they ranked as the
tallest (see chapter 2, section 2.3.5). These findings suggest that leaf-level measurements of
water use efficiency (WUE and iWUE) from previous growing seasons do not provide an
accurate assessment of future whole tree water use efficiency.

While no studies currently address comparisons between leaf-level and tree-level water
use efficiency from two different seasons, Wang et al. (2005) did observe that rates of sap flow
change seasonally in Scots pine. Through annual measurements, they noted increases in sap flow
rates as the trees aged, a trend that was attributed to increases in canopy size and therefore
evapotranspiration. In this study similar increases in canopy size were observed between
growing seasons suggesting that water use efficiency of individuals in this study will also change
as they age.

However, when addressing differences between whole tree and leaf-level water use
efficiencies in this study, it should be noted that comparisons were made between measurement
scales (tree and leaf-level). WUE and iWUE from GS1 were recorded using gas exchange
measurements taken from a single leaf while GS2 water use efficiency was measured at the
whole-tree level. Leaf-level measurements only describe water use efficiency for the time which
gas exchange was taken. It has been shown that rates of sap flow, which are directly related to
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evapotranspiration and therefore the calculation of water use efficiency, change throughout a
single season (Wang et al., 2005; Bloemen et al., 2017) as well as in response to weather (Wang
et al., 2005; Bloemen et al., 2017). This suggests that leaf-level gas exchange measurements may
not be the most comprehensive measure of how efficiently a tree assimilates carbon per water
resource, where tree-level water use efficiency (measured via sap flow sensors) provides a much
clearer picture, as measurements are taken throughout the entire season. For this reason, it is not
surprising that instantaneous measurements of leaf-level water use efficiency were not related to
future tree-level water use efficiency.

A positive relationship between δ13C and WUEtree was observed in DD taxa, which
supported my original hypothesis of carbon isotope relationships being taxa dependent. δ13C
scaling to WUEtree is not surprising, as trees with less negative δ13C have been found to be more
water use efficient (Martin and Thorstenson 1988; Farquhar et al., 1989b) a trend which was
supported by the positive relationship between δ13C and WUEtree. However, DD taxa, on
average, did not have the least negative δ13C yet demonstrated a positive relationship with
WUEtree. This is surprising as one would expect taxa with the least negative δ13C to scale
positively with WUEtree, as both WUEtree and δ13C are measures of water use efficiency (Martin
and Thorstenson 1988; Farquhar et al., 1989b), however this was not the case, suggesting that
direct (WUEtree) and indirect (δ13C) measurements of water use efficiency may not align.

When examining dry woody biomass production, differences across taxa were not
evident. On a clonal level, clone 112107 (DD) produced the highest amount of dry woody
biomass over two growing seasons. Greater detail on dry woody biomass production can be
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found in chapter 2 section 2.3.6. When examining total water usage, clones 11859 (DN), 6323
(DM) and 11691 (DM) used the least amount of water of all clones, respectively, though these
clones were not very productive ranking 46th, 44th and 43rd in biomass production respectively
out of 48 clones. This strong relationship between productivity and water usage in poplar has
been well documented (Fischer et al., 2011) and further supported in this study (see chapter 3,
section 3.3.1, Figure 3.3B).

Clones that may be well-suited for plantation level growth in upland sites include clones
112107 (DD), 8717 (DT) and 111733 (DD). These individuals had the three highest WUEtree. Of
these clones 112107, 8717 and 111733 were ranked 2nd, 5th and 9th respectively in total biomass
produced in GS2, while falling in the middle to lower rankings of total water usage, using the
15th, 20th and 24th most water during the same span (Table 3.1). These metrics reinforce the
aforementioned relationship between total water usage and biomass production and support prior
research by Zhang et al. (2004), Monclus et al. (2009) and King et al. (2013) who found that the
most water use efficient trees also produced the highest amount of biomass. These observations
also suggest that attributes such as WUEtree and production possess genetic variability across
clones, as all trees were grown under near-identical conditions and performed differently based
off of parentage. This suggests that moving forward, breeding efforts may be able to focus on
selection favoring trees high in WUEtree and, in turn, isolate individual clones well-suited for
feedstock growth in the southeastern United States.
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Conclusion
The completion of this study detailed water usage and production of 48 unique eastern
cottonwood and poplar hybrids in northeastern Mississippi. Findings from this study show that
total water usage is strongly related to both height growth and biomass production overall.
Across taxa, DM individuals used the most water on a daily basis while DN used significantly
less than all other taxa. When examining whole tree water usage, DN trees were observed to use
significantly less water than all other taxa. No significant relationships were observed across taxa
for WUEtree. These observations suggest that there is considerable variability even within taxa.
Because this is a clonal screening trial that is comprised of many unique individuals, all with
different parentage, variability within taxa is not surprising.

Growing season one physiology was found to correspond with growing season two total
water usage and/or whole tree water use efficiency in some taxa, while no trends were apparent
for others. Specifically, stomatal conductance and photosynthetic nitrogen use efficiency were
observed to have negative relationships with total water usage, while leaf nitrogen concentration
had a positive relationship. Whole tree water use efficiency positively correlated with
transpiration in DM taxa and δ13C in DD taxa. This suggests that these parameters may be
appropriate for predicting future water relations and aboveground biomass production in eastern
cottonwood and specific taxa of hybrid poplars. Physiological parameters including WUE and
iWUE from growing season one that were expected to be strongly related to total water usage
and whole tree water use efficiency were not across any taxa.
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Clones which stood out from this study include clone 112107 (DD), 8717 (DT) and
111733 (DD), all of which attained the highest whole tree water use efficiency. Clone 112107
also had the highest production of woody biomass over two growing seasons, suggesting that it is
well-suited for growth in this region under very limited management. Other clones of interest for
future study include clones 47-5 (DD) and 6-5 (DD) which were able to attain high rates of
woody biomass production over growing season two (ranked 1st and 3rd respectively, clone
112107 was ranked 2nd) and clones 11859 (DN) and 6323 (DM) which had the two lowest total
water usages over growing season two.

This study consists of only the first two years of a five-year study. As trees mature, I
suspect that trends isolated in the first two growing seasons will become stronger. Specifically, I
predict that positive relationships observed on a clonal level between productivity and water
usage will remain strong, as will relationships between physiology and same season height
growth. With this study lasting a total of five years, I would suggest that further research should
still be undertaken on the relationships between physiology measured via gas exchange and nextseason productivity and water usage. Though trends were not apparent between these parameters
during the course of this study, the isolation of strong relationships between physiology and
future productivity would be crucial in rapidly isolating highly productive clones, well-suited for
biofuel feedstock growth and in turn improve selection efforts and the eventual enhancement of
feedstock production on a large scale. Over two growing seasons this study garnered insight into
early-rotation physiology and productivity of 99 unique Populus clones, many of which have not
been studied prior to this research. This study has already and will continue to improve
knowledge on the physiological functioning and suitability of these selected clones for growth in
85

an upland region in northeastern Mississippi. At its conclusion, it is likely that a highly
productive clones over a five-year rotation will be isolated. These clones will likely then be
grown in monoclonal blocks to have similar production, water use and physiological traits
examined at levels representative of those seen in biofuel plantations. At the conclusion of that
study to determination of superb biofuel feedstocks, suitable for growth on upland sites in
northeastern Mississippi will likely be accomplished and potentially placed into feedstock
rotations in the future.
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APPENDIX A
EQUATIONS OF RELATIONSHIPS BETWEEN HEIGHT AND PHYSIOLOGICAL
PARAMETERS
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The following equations detail the significant relationships observed between growing season
one heights and physiological parameters in P. deltoides × P. maximowiczii (DM), P. deltoides ×
P. nigra (DN), P. deltoides × P. trichocarpa (DT), and P. deltoides × P. deltoides (DD) taxa.

Stomatal Conductance

𝐷𝑀: 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑚) = −0.7662(𝑆𝑡𝑜𝑚𝑎𝑡𝑎𝑙 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒) + 4.7006

(A.1)

𝐷𝑁: 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑚) = −1.3099(𝑆𝑡𝑜𝑚𝑎𝑡𝑎𝑙 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 ) + 4.5896

(A.2)

𝐷𝑇: 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑚) = −1.5004(𝑆𝑡𝑜𝑚𝑎𝑡𝑎𝑙 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 ) + 4.5973

(A.3)

Transpiration

𝐷𝑁: 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑚) = −0.1334(𝑇𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 ) + 4.9298
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(A.4)

Water Use Efficiency (WUE)
𝐷𝑀: 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑚) = 0.5016(𝑊𝑈𝐸 ) + 3.1737

(A.5)

𝐷𝐷: 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑚) = 0.4785(𝑊𝑈𝐸 ) + 2.7181

(A.6)

Intrinsic Water Use Efficiency (iWUE)

𝐷𝑀: 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑚) = 0.0106(𝑖𝑊𝑈𝐸 ) + 3.8816

(A.7)

𝐷𝑁: 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑚) = 0.0195(𝑖𝑊𝑈𝐸 ) + 3.1774

(A.8)

𝐷𝑇: 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑚) = 0.0304(𝑖𝑊𝑈𝐸 ) + 2.668

(A.9)
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Leaf Nitrogen Content (Leaf N %)
𝐷𝑀: 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑚) = 0.5257(𝐿𝑒𝑎𝑓 𝑁%) + 3.065

(A.10)

𝐷𝑇: 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑚) = 0.6293(𝐿𝑒𝑎𝑓 𝑁%) + 1.8927

(A.11)
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REFERENCED STUDIES FROM DISCUSSION SECTION 2.4
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Table B.1

Details location, average precipitation, average temperature, fertilization regimes, irrigation regimes and trees per
hectare of referenced studies.
Average
Precipitation (mm)

Mean Temp (°C)

Fertilization

Irrigation

Density (trees
per ha)

Headley, UK

960.8

9.98

No

As Needed

3645

Fangshan District,
Beijing, China

644

11.2

No

As Needed

10000

Lochristi, Belgium

726

9.5

No

No

8000

Columbia Falls
and Missoula,
Montana. USA.

381, 508

2.8, 7.2

“Periodic
N:P:K”

No

3583

Tønder
Municipality and
Holstebro,
Denmark

787, 831

7.4

No

No

5248

Study

Location

Rae et al.
(2004)
Guo and
Zhang
(2010)
Verlinden
et al.
(2013)
Bourque et
al. (2014)

Nielsen et
al. (2014)
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Sixto et al.
(2014)

Alhama, Zamora,
Madrid and Soria,
Spain

306, 861,
568, 436

17.1, 20.0,
10.4, 13.7

Burkhart et
al. (2017)

AppomattoxBuckingham State
Forest
and Mayo River,
VA, USA

This Study

Monroe County,
MS, USA

*

“Following
regular
practices”

33

1143, 1270

13.6, 12.3

No

No

1736

542.5, 569.4

25.58, 25.13

No

No

1993

For * the fertilization regime was 600 kg ha−1 N:P:K (8:15:15) applied during soil tillage and supplementary fertilization (12:12:17)
and trace elements (0.1% Fe, 0.02% B and 0.01% Zn) spread along plantation lines at 800 kg ha−1.
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